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ABSTRACT 
THROUGHFALL CHEMISTRY IN DECIDUOUS AND CONIFEROUS 
FOREST STANDS AT THOMPSON FARM,NEW HAMPSHIRE 
By 
MUSA DINC 
University of New Hampshire, May, 2012 
In this study, I compare the chemical composition of throughfall in deciduous 
and coniferous forest stands to the chemistry of wet deposition. The study was 
conducted at Thompson Farm, Durham NH, which is owned and managed by the 
University of New Hampshire. Thompson Farm (43.11N, 70.95W) is at an altitude of 
23 m and about 24 km from the Gulf of Maine. Throughfall samples were obtained 
from two forest stands using wet-dry Aerochem Metrics 301 collectors and rainfall 
samples were collected in a wet-only precipitation collector (N-CON Atmospheric 
Deposition Samples Model 00-120) from 14 April 2009 to 14 November 2009.The 
amount of throughfall at the two sites was similar, and less than rainfall during the 
study period. 
A total of 35 sets of rainwater and throughfall chemistry were collected and 
analyzed for pH, electrical conductivity, specific conductance and major ions; SO42", 
NOf, CI", Ca2+, Na+, Mg2+, K+ and NH4+ as well as dissolved organic carbon and 
nitrogen. The chemical concentration of rainfall and throughfall were analyzed in 
conjunction with meteorological variables to evaluate the nature of temporal and 
monthly variations. 
XVII 
The pH of individual rainfall and throughfall fluctuated widely, ranging from 3.5 
to 7.9 in rainfall (TF2), 3.7 to 6.2 in coniferous throughfall (TFC), and 4.2 to 6.9 in 
deiciduous throughfall (TFD), indicating high variability in the acid sources and in 
neutralization processes. The mean concentrations of N03" and non-sea salt SO*2" 
were 14.45 and 11.08 (jeqP (TF2), 16.8 and 18.28 (jeqP (TFC), and 13.6 and 18.03 
|jeqP (TFD), respectively. Dominant ionic species in TF2, TFC and TFD were: CI- > 
Na+ > NhV-N>N03-> S042" > Ca2+ >K+> Mg2+ > P043~-P, Cl~> Ca2+> K+> Na+> 
Mg2+> S042~> N03~ > NH4+-N > P043~-P and K+> Mg2+>Ca2+ > C!">Na+> S042~> 




During rainy periods, a part of the incident gross rainfall is intercepted by the 
canopy of vegetation and evaporates directly back into the atmosphere (interception 
loss). The rest of the rainwater attains the ground either by falling through canopy 
gaps (throughfall) and dripping from the canopy. Some plants have sophisticated 
physical characteristics that help them maximize the amount of canopy interception. 
For example, a coniferous tree has a lot of small leaves, designated as needles, 
which surround the branch. It has been calculated that one old-growth Douglas-fir 
tree contains approximately 60 million needles (Norse 1990). The frequency of these 
needles on the branch causes water vapor to accumulate in the environment 
between the needles (interstitial), accumulating enough water vapor that the 
precipitation falls as small water droplets through the canopy. According to a study of 
a clearcut on the Bull Run Watershed, Oregon, net precipitation is 25% higher in 
erstwhile forests than in nearby uncut stands, due to the accumulation of water vapor 
on the conifer needles (Harr 1982). It is estimated that fog drip contributes 35% to 
annual precipitation under an old-growth forest canopy (Harr 1982). This physical 
trapping allows the coniferous tree to harness as much moisture as feasible, while it 
simultaneously sustains a narrow tree-crown projection. Now contrast the structure of 
a conifer to that of a deciduous tree, where leaves contribut little to water vapor 
storage. 
The chemistry of precipitation that reachesthe forest floor is affected by 
chemical and hydrological characteristics of the event precipitation, wash off of dry-
deposited materials from canopy surfaces, wash off of material transported from 
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within canopy tissues prior to the precipitation event, and absorption or release of 
substances by the plants and their associated microflora during the precipitation 
event (Parker 1983; Lovett et at. 1989). Throughfall chemistry variesas incident 
rainfall passes through a forest canopy because of three main processes (Parker, 
1983). (1) Washing, by precipitation, of deposits accumulated on the canopy between 
events, (2) Leaching of material from plant tissues; and (3) Uptake by foliage of 
solutes, gases or particles Mecklenburg & Tukey (1964) and Attwill (1966) showed 
that the amount of filtering per unit quantity of rain is greater during a low intensity 
rain than it is during a heavy rain. This characteristic of higher leaching during the 
early period of a storm coupled with washing of nutrients off the surface of the leaves 
at the beginning of a storm results in a negative correlation between the amount of 
precipitation in a period and the concentration of each element in the throughfall 
water of that period. 
The ion flux to the forest floor by throughfall differs from the total atmospheric 
input due to ion exchange between canopy surfaces, embracing foliage, woody parts, 
and the water passing through the canopy. This exchange contains both effluxes 
from the canopy (leaching) and influx to the canopy (uptake). The mass balance for 
substances dissolved in canopy surface water can thus be written as (Lovett et al., 
1996): 
TF+SF= WD+DD+CE (1.1) 
where TF is the throughfall ion flux, SF is the stemflow ion flux, WD is the wet 
deposition, DD is the dry deposition, and CE is the ion source or sinks within the 
canopy due to canopy exchange. 
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Deposition of ions in throughfall and stemflow as a result of total atmospheric 
deposition (TD) and canopy exchange processes (CE). 
Dry deposition (DD) 
(particles and gas) 
Occult deposition 
(mist and clouds) /w 
Stemflow (SF) 
Wet deposition (WD) 
Canopy exchange (CE) 
(leaching and uptake) 
Throughfall (TF) 
TD = WD + DD 
TF + SF = TD + CE 
Figure 1.1: Throughfall and stemflow ion deposition as a result of total atmospheric deposition 
(TD) and canopy exchange processes (CE) (Source: http://dfwm.ugent.be/lavobo/docs). 
Water entering a vegetative canopy can be partitioned into three components 
(Figure 1.2): (i) throughfall, which reaches the ground directly through canopy gaps 
or indirectly after contact with the canopy, (ii) stemflow, which flows to the ground via 
branches and stems, and (iii) interception, which is the fraction of incident 
precipitation that remains on the vegetation and is evaporated during and after rain 






(mist and clouds) /w 
Stemflow (SF) 
| Throughfall (TF) 
P = TF + SF +1 
Figure 1.2: Partitioning of precipitation water into throughfall, stemflow, and interception 
(Source: http://dfwm.ugent.be/lavobo/docs). 
As a result, the mass balance of partitioning of precipitation is represented as 
(Crokford and Richardson, 2000): 
where P is gross precipitation, TF is throughfall, SF is stemflow, and I is interception. 
The overall throughfall and stemflow water is called net precipitation. 
In addition to atmospheric deposition, canopy exchange processes such as 
leaching, washout, transformation or deposition of different compounds and plant 
metabolites have a significant influence on the input of elements to the forest soil. 
The effect of forest edges on canopy change processes (e.g. Beier et al., 1992) is 
due to changes in microclimatic conditions and soil characteristics and increased 
transpiration (Berger and Glatzel, 1998). The role of the forest canopy in modifying 
the chemistry of precipitation has long been appreciated. Nevertheless, most studies 
P= TF+ SF+ I (1.2) 
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on atmospheric deposition and canopy coaction have been focused on remote areas, 
while in urban and suburban areas few studies have been carried out. Cities and 
other local sources lead to spatial variation of atmospheric deposition. By spreading 
large amounts of acid precursors and dust to the atmosphere cities can increase 
concentrations of air pollutants and affect deposition rates within hundreds of 
kilometers downwind of the city (Lovettetal., 2000; Chiwa eta!., 2003). 
Wet deposition occurs when atmospheric sources of various ions are united 
with moisture (e.g. rain, snow, dew, clouds, etc.) and then deposited on a surface-
often the ground. Throughfall is similar to wet deposition with respect to 
environmental apportioning (i.e. within rain, snow, dew, clouds, etc.), however, the 
forest canopy temporarily intercepts this precipitation before it deposits on the ground 
(Lindberg et al., 1994; Draijers et a!., 1997; Guentzel et at., 1988; Biesteret al.t 2002; 
Devlaeminck et ai, 2005; Deguchi et al., 2006). Atmospheric deposition contributes 
to the chemical and isotopic budgets of forested ecosystems and influences forest 
stature and lake acidification (Crocker and Forster, 1986; Asbury and others, 1989; 
Baker and others, 1991; Psenner and Schmidt, 1992).. Canopy interception 
(throughfall), aided by leaf uptake, and modifies inputs of inorganic species to the 
forest floor (Hicks and others, 1991; Meyers and others, 1991). 
Interception losses have long been known as a significant part of the water 
balance in forests. The seasonal cumulative loss is commonly 20 to 40% of the 
precipitation in temperate coniferous stands, e.g., Bringfelt and Harsmar (1974). 
Gash et al. (1980), Rutteret al. (1971), Teklehaimanot et al. (1991) and Viville eral. 
(1993). Forest canopies typically experience higher interception losses than low 
vegetation due to higher interception capacity as well as larger aerodynamic 
unevenness enhancing evaporation of intercepted water. The amount lost through 
6 
interception depends on the compactness, intensity and duration of storms, 
evaporative demand and structure of the plant canopy. Interception loss would 
naturally exhibit a high local and territorial variation, and predictive models of 
interception loss should be valid in different regions and for different land uses. 
Interception by the canopy might affect the chemistry of throughfall in a 
number of ways. First, the precipitation itself contains chemicals, and any of these 
chemicals which are retained in the canopy during a single storm will not emerge in 
the throughfall of that storm. Second, nutrients may leach from the salts on the leaf 
surface as the water evaporates. Third, although there is almost always a net 
increase in the concentration of nutrients in throughfall over that in the original 
precipitation, nutrients can be absorbed into the leaves from the water (Boynton 
1954; Carlisle, Brown & White 1966; Witter & Teubner 1969) or be taken up by the 
microflora on the surface of the leaves and branches (Carlisle, Brown & White 1967). 
Rainwater as a source of plant nutrients plays an important role in the nutrient 
cycling of ecosystems (Matzner and Meiwes 1994). In forest ecosystems the 
chemical composition of rainwater is strongly modified by processes within the tree 
canopies before the water reaches the forest floor as throughfall or stemflow and 
enters the soil. According to Parker (1983), throughfall is identified as the water 
dripping from the forest canopies or falling to the forest floor in between the trees, 
whereas water that runs along the branches and tree trunks is called stemflow. 
Throughfall chemistry is affected by factors associated tree age; throughfall beneath 
younger coniferous (< 60 years) stands and older conifers is less acid and more acid 
respectively than incident precipitation (Miller, 1984). A critical role of the intersystem 
nutrient cycle is movement of nutrients from the forest canopy to the soil i.e. 
evaluation of the exchanges between the living and dead organic matter 
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compartment" and the "available nutrient compartment". An important amount of 
nutrients is also transferred from the various plant parts to the soil as precipitation 
passes through the forest canopy. Nutrients are removed from the canopy and 
transferred to the forest floor in throughfall. 
The term net removal is used to describe the nutrients leached from the 
vegetation plus those washed off the surface [Net removal= (Nutrients leached+ 
Nutrient washed)-Nutrients in incident precipitation]. The differences in chemistry 
between incident precipitation and throughfall reflect atmosphere-canopy interactions 
(Parker 1983; Ford and Deans 1978; Foster 1979; Van Breemen et al. 1982; Fahey 
et al. 1988; Lindberg et al. 1990; Reynolds and Neal 1991). Dry and wet deposition 
(Lindberg et al 1986; Cappellato et al. 1993), as well as uptake and leaching by 
leaves (Tukey 1970; Hosker and Lindberg 1982; Cronon and Reiners 1983; Lindberg 
et al. 1986; Bowden et al. 1989; Belot et al. 1994), are the dominant factors that 
contribute to differences in nutrient concentrations and fluxes between incident 
precipitation and throughfall. The comparative significance of these processes varies 
among chemical species, forest types (e.g., site characteristics, location relative to 
pollution sources, tree species, and forest structure) and seasonally as a result of 
changes in canopy leaf area and physiological activity (Lovett and Lindberg 1986; 
Shepard et al. 1989; Puckett 1990; Lowett et al. 1996; Baumler and Zech 1997). 
The purpose of this project is to compare the chemical composition of 
thoughfall in a deciduous and coniferous forest stand at the Thompson Farm 
AIRMAP site in Durham, NH. Temporal variability in throughfall chemistry will be 
compared to the temporal variability in wet deposition and in air mass chemistry. Air 
mass chemistry may drive variation in throughfall chemistry directly through dry 
deposition on leaf surfaces or indirectly by influencing wet deposition chemistry or 
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tree health. The chemistry of precipitation varies greatly depending on the origin of 
air masses. For example., Gore (1968) found the precipitation from maritime air 
masses at Moor House, U.K., to deposit 32.14 kg/ha of sodium annually. In contrast, 
at Hubbard Brook whose air masses are primarily continental, the average annual 
deposition of sodium is only 1.5 kg/ha (Likens et al., 1971). Wet deposition volume 
will also be compared to throughfall volume in the two forest types and rates of wet 
deposition and throughfall deposition will be determined for organic matter, nutrients 
and major anions and cautions. The extent of precipitation interception by the forest 
canopy is affected by tree species, size, and form of the tree, as well as storm size 
and intensity (Ovington 1954; Geiger 1965; Carlisle, Brown & White 1965). 
1.2 Objectives 
The research was divided into six objectives as follows: 
Compare chemical composition of wet-only precipitation to throughfall 
chemistry, 
Compare pollution levels in air masses to throughfall chemistry, 
Quantify rainfall and throughfall deposition of various elements in two forest 
types, 
Quantify relationship between rainfall volume and throughfall volume 
(interception) in two forest types. 
Compare volume, pH and electrical conductivity in a deciduous and 
coniferous forest stand at the Thompson Farm. 
1.3 Structure of This Study 
This research consists of six chapters. Chapter one briefly introduces the 
precipitation and the objectives of the study. The second chapter reviews the 
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background information concerning the acid rain, physico-chemical analysis of 
rainfall and throughfall. Chapter three introduces materials and methods, and 
sampling analysis in this study. Chapter four and five presents the results and 
discussion of the study and chapter six contains the conclusions. 
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2 Literature Reviews 
2.1 Substances of Interest 
2.1.1 Sulfur Sources and Cyling 
Human impact on the sulfur cycle is primarily in the production of sulfur 
dioxide (S02) from industry (e.g. burning coal) and the internal combustion of fossil 
fuels by vehicles. Sulfur dioxide may reduced to sulfide in the atmosphere, or 
oxidized to sulfate in the atmosphere as sulfuric acid, a principal constituent of acid 
rain (Figure 2.1). 
Acidic precipitation can mobilize toxic aluminum in surface waters (Munson 
and Gherini 1991a, 1991b), cause leaching of base cations from soils (Fernandez et 
al., 2003), and might directly damage vegetation through contact with leaf surfaces or 
constraint of transpiration (Turco 2002). Utility fuel combustion is the largest source 
of S in the U.S., followed by other industrial processes (US EPA 2004). Because 
sulfur has a short residence time (days) in the atmosphere and is easily scavenged 
by wet deposition (Turco 2002), emissions reductions had immediate effects on S 
deposition (Kahl et al. 2004). Across the Northeast, a region heavily affected by 
acidic deposition, SO42" in wet atmospheric deposition has declined 39% from 1993-







Figure 2.1: The Sulfur Cycle (Souce: www. omafra.gov.on.ca). 
Natural sources of atmospheric sulfur are volcanoes (S02) and emissions 
from organisms and decaying matter (dimethyl sulfide), which are immediately 
afterwards oxidized in the atmosphere to H2S04 (sulfuric acid) (Turco 2002). 
SO42" is considered conservative with respect to vegetation and soils (e.g., 
Likens and Bormann 1977). Rustad et al. (1994) used both a canopy mass balance 
method and a catchment mass balance approach to designate likely dry deposition of 
SO42" at Bear Brook Watershed in Maine. The data from BBWM showed that the 
canopy mass balance (throughfall) method underestimated dry deposition as 
compared to the watershed mass balance method at this site with an uneven canopy 
(Rustad et al. 1994), assuming no input or release from soil. 
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2.1.2 The Nitrogen Cycle 
The nitrogen cycle is one of the most important nutrient cycles found in 
terrestrial ecosystems - Figure 2.2. Nitrogen is used by living organisms to generate 
a number of complicated organic molecules such as amino acids, proteins, and 
nucleic acids. The storage of nitrogen found in the atmosphere, where it appears as 
a gas (mainly N2), plays an important role for life. This atmospheric reservoir is about 
one million times larger than the total nitrogen available in living organisms. Other 
important stores of nitrogen contain organic matter in soil and the oceans. Despite its 
adundance in the atmosphere, nitrogen is the most limiting nutrient for plant growth. 
Only certain water-soluble inorganic forms, including ammonium (NH4 ) and nitrate 
(N03), can be absorbed by higher plants. Most plants acquire the nitrogen they need 
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Figure 2.2: The Nitrogen Cycle (Source: www.physicalgeography.net). 
Mineralization is an enzymatic process in which organic nitrogen is solubilized 
to inorganic forms. The first step is ammonification, in which microbes mineralize 
organic nitrogen and produce ammonia, which readily dissolves in water to form the 
ammonium cation (NH4"). Ammonia (NH3, the gas) and ammonium (NH4+, the cation) 
are in balancewith one another as represented by the following equation: 
NH4t+0H"<->H20+NH3t Because this is an equilibrium process, anything that impacts 
concentrations of the compounds in the reaction would shift the balance, and drive 
the equation in whichever direction restores the balance. Eventually, high pH levels 
(by definition from higher concentrations of OH" ions) as well as a decrease in water 
content will drive the equation to the right, and more ammonia would be produced 
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and available to volatilize. Volatilization is impacted by contact with air and soil. If at 
the soil surface, more ammonia would volatilize. When placed subterranean in close 
contact with the soil, diffusion to the atmosphere is constrained. Besides, ammonium 
could be absorbed by clays and organic materials, further diminishing volatilization. 
Studies performed clearly prove that placement of biosolids in the subsurface (as 
opposed to the surface) significantly decreases ammonia losses (Adamsen, 1987; 
Brady and Weil, 2002). 
The second step of mineralization is nitrification. It consists of two main 
consecutive transformations that include: 1) the oxidation of ammonium to nitrite 
(N02), frequently performed by the autotrophic Nitrosonomas bacteria (ellipsoidal soil 
bacteria); and immediately thereafter 2) oxidation of nitrite, typically performed by 
Nitrobacter bacteria to produce nitrate. Other types of bacteria that could play the 
same role do exist (e.g., Nitrosolobus and Nitrocystis) but, on the whole, the process 
is dominated by Nitrosonomas and Nitrobacter (Lewis, 1986). The swift transition 
from nitrite to nitrate usually averts accumulation of nitrite. Nitrification is usually 
performed by autotrophic bacteria, which derive their energy from the oxidation of 
NH4+ and N02", as opposed to the oxidation of carbonaceous compounds (Haynes, 
1986). Both genera of the nitrifying organisms cited (i.e., Nitrosonomas and 
Nitrobacter) as primarily responsible for this reaction sequence are aerobes, 
requiring the presence of oxygen to perform these conversions. In addition, they 
prefer soils with no more than 60% of pore volume filled with water, and need a 
carbon source (i.e., bicarbonates and carbon dioxide) to synthesize their cell 
components, and perform optimally at temperatures between 20-30 °C (Brady and 
Weil, 2002; Lewis, 1986). 
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Nitrate is an anion that is not readily adsorbed to soil fragments, is water 
soluble and for that reason to highly mobile. Of the forms of nitrogen described 
above, it presents the highest risk of leaching through the soil profile to the 
groundwater table. Furthermore, nitrate warrants the most concern from a human 
health and environmental pollution perspective. Consequently nitrate is a pollutant of 
concern in drinking water with a Maximum Contaminant Level (MCL) of 10 mg/L for 
NO3-N (EPA, 1994). 
Nitrate also can have a pronounced impact on aquatic systems. An influx of 
nitrate raises algal blooms that, upon dying, are decomposed by oxygen-demanding 
bacteria. Exponential growth and decay results in exponential demand and depletion 
of oxygen. Hypoxic conditions result that are toxic to many forms of aquatic life. 
Proliferation of this cycle can expand these inhospitable zones on a yearly basis, 
giving once productive waters lifeless (Brady and Weil, 2002). 
2.1.3 Hydrologic Cycle 
The hydrologic cycle describes the storage and movement of water between 
the biosphere, atmosphere, lithosphere, and the hydrosphere (Figure 2,3). Various 
pathways appear in the hydrologic cycle. In non-vegetated systems interception 
processes generally are not significant, but within vegetated systems, precipitation is 
intercepted and lost to evaporation. In vegetated systems, some precipitation might 
reach the ground by stemflow, but most often reacjes the soil by a process called 
throughfall. Precipitation that reaches the soil surface can then infiltrate and recharge 
soil waters. 
Throughfall deposition is a function of both the water flux through the canopy, 
and the concentration of solutes in those solutions. Throughfall hydrologic flux can be 
16 
greater or less than open precipitation, as it varies with canopy architecture above 
the point of collection. Growing season throughfall volume is generally less than wet-
only volume due to canopy interception (Lovett et al. 1999, Granat and Hallgren 
1992). 
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Figure 2.3: The primary elements of the hydrologic cycle: Precipitation, transpiration, 
evaporation, surface flow, infiltration, groundwater flow and stream flow (Source: www. 
eoearth.org). 
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2.2 Atmospheric Pollutants 
A variety of air pollutants have known or suspected negative effects on 
human health and the environment. In most areas of world, these pollutants are 
principally the products of combustion from heating, power formation and from motor 
vehicle traffic. Seinfeld (1986, p.738) identifies air pollution as any atmospheric 
condition in which substances are present at concentrations high enough above their 
normal circum-ambient levels to produce a measurable effect on man, animals, 
vegetation, or materials. These substances may exist in the atmosphere as gases, 
liquid drops, or solid particles. They can be chemical elements or compounds of 
either natural or anthropogenic origin. 
The chemistry of precipitation is highly variable because of the different 
processes involved in elemental scavenging by cloud water and rainfall. In particular, 
the composition of precipitation is influenced by: (1) the strength of emission sources, 
(2) the chemical reactions in the atmosphere, and (3) the mechanism of scavenging 
of the moving air masses (Dammgen et at., 2005). 
Atmospheric deposition contributes to the chemistry of plants, soils, and 
surface waters, and to the cycling of nutrients in the ecosystem (Richter and 
Lindberg, 1998). Hereby, the precise quantification of wet, dry and occult deposition 
is significant for a wide range of ecological disciplines. Wet deposition is identified as 
the continuum by which atmospheric compounds are enclosure to and dissolve in 
clouds and precipitation droplets and are delivered to the earth's surface in the form 
of rain, hail or snow (Staelens et a!., 2005). 
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2.3 Historical Aspect of Acid Rain 
The term 'acid rain' has become a commonly-used, shorthand expression, 
covering a wide range of processes and effects. It is a popular term used to describe 
the deposition of all atmospheric pollutants of an acidic or acidifying nature. 
All rainfall is slightly acidic due to dissolved atmospheric carbon dioxide. The 
pH of 'clean' or 'pristine' rainfall is generally taken to be 5.6 (Oden, 1976; Stem et a!., 
1984; Seinfeld and Pandis, 1998). This is the pH of water stabilized with an ambient 
atmospheric carbon dioxide concentration. However, most rainfall, even if unpolluted, 
has a pH less than 5.7 due to the occurrence of small amounts of dissolved mineral 
acids (Rodhe et a!., 1988). The anions largely associated with acid in rainfall are 
sulphate, nitrate and chloride with a large percentage of the chloride coming from 
seawater (Sakihama et a!., 2008). 
In spite of such neutralisation, the average rain pH of Europe and North 
America was about 4.3 during the 1970s (Park, 1987). However, the continuous 
reduction in emission of acidifying gases in Europe and North America since 1980 
has contributed to decreased rainfall acidity, but the emission of gases in East Asia is 
still increasing, which contributes to greater rainfall acidity there (NEGTAP, 2001). 
In the 1980s, scientific attention focused on the effects of acid rain on forest, 
freshwater and other ecosystems, especially in Europe and North America. 
Acidification was identified as the cause of the effects observed within these 
ecosystems and hence scientific studies on the cause of acid rain and the resultant 
effect on the ecosystems then intensified. Today, acid rain is internationally 
recognized as one of the most widespread and serious environmental problems 
(EPA, 2004). 
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2.4 Causes of Acid Rain 
Pollutants of rainfall are disseminated continuously into the atmosphere from 
natural and anthropogenic sources. Although oxides of sulphur and nitrogen are 
considered the main precursors of acid rain, a number of other emissions, such as 
hydrogen chloride, ammonia and alkaline dust also influence acidity directly or 
indirectly through their role in chemical reactions (Fisher, 1988). Ammonia is now 
also considered to be a major contributor of acid deposition. On a global scale, 
anthropogenic and natural emissions of sulphur and nitrogen compounds are similar 
in extent (Rodhe et al., 1988), but most of the sources of anthropogenic emissions as 
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Figure 2.4: Sources of Emission (Source: www.epa.gov/airmarkets/acidrain). 
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In industrialized parts of the temperate zones, sepecially in Europe, North America 
and East Asia natural emissions are very small compared to anthropogenic 
esmissions (UKRGAR, 1994). 
2.4.1 Natural Sources 
Natural emissions of acidifying pollutants to the atmosphere could take place 
with biogenic emissions from terrestrial, tidal and nutrient-rich oceanic regions and 
non-biogenic emissions from volcanic and geothermal activity, lightning and airborne 
soil and water aerosols (Krusch et al., 2003). 
Sulphur occurs naturally in the environment, even in the absence of human 
activity (Barry et al., 1992). Most of this 'natural' sulfur originates from volcanic 
activity and marine sources derived from sea spray or the emission of dimethyl 
sulfate. A large amount of sulphur also enters the atmosphere as hydrogen sulfate 
and originates from natural soil processes via the decay of organic matter and 
biological sulphate respiration (Park, 1987; Zimmermann etal., 2003). 
Atmospheric ammonia (NH3) is emitted by volatilization from animal waste in 
natural as well as agricultural land use or as a result of the microbiological 
mineralization of organic nitrogen (Homung and Langan, 1999; Schmitt et al., 2005). 
2.4.2 Anthropogenic Sources 
Anthropogenic emissions of sulphur dioxide and nitrogen oxides compounds 
are mainly derived from the combustion of fossil fuels and have led to regional 
changes in atmospheric and precipitation chemistry. Hicks and Kuytenstiema (1998) 
reported that the large emissions in Europe and North America result in large chanes 
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in precipitation chemistry, while very significant emissions also occur on the East 
Asian mainland. The serious impacts of these pollutants in Europe and North 
America have led to agreements to reduce anthropogenic emissions. As a result, 
sulfur emissions have decreased in Europe and North America over the past decade, 
although emissions of nitrogen compounds are still increasing in Europe and North 
America. However, in Asia the emissions of sulfur and nitrogen are still increasing 
due to the broadening populations and the use of coal as fuel to produce electricity 
(Rasmussen, 1998; Menz and Seip, 2004). 
2.4.2.1 Sulphur Dioxide 
Sulfur is emitted into the atmosphere in several oxidation states, from 
hydrogen sulphide or organic sulphides to sulfur dioxides. Sulfur dioxide is one of the 
most-studied atmospheric pollutants and was recognized as one of the first harmful 
air pollutants to humans as well as to different natural ecosystems. Sulfur 
compounds are the main contributor to the anthropogenic acidification of water and 
soil. Associated water quality changes, including an increase in alkalinity and a 
reduction in acidity can also occur during sulfate reduction. In addition there has 
been a close relation between the reduction in sulfur deposition and the reduction in 
lake water concentrations of sulfate (S042") which can help to demonstrate the 
success of international agreements to reduce sulfur emissions. 
2.4.2.2 Nitrogen Oxides 
The most important oxidized forms of nitrogen (N2) are nitric oxide (NO) and 
nitrogen dioxide (NO2). Collectively, these two species are referred to as nitrogen 
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oxides (NO„), and nitrous oxide or dinitrogen oxide (N20). Combustion sources may 
also emit small quantities of nitrous acid (HONO) which is also photo-chemically 
active in the atmosphere. 
The transfer of nitrogen from the atmosphere to biologically available forms 
on land has been doubled by human activities (Vitousek, et a!., 1997). This large 
increase in available nitrogen circulating in the biosphere has led to a negative 
change in atmospheric chemistry, the ecosystem nutrient status, water quality, soil 
acidity and biodiversity. 
2.4.2.3 Ammonia 
Ammonia (NH3) is emitted from different sources, most notably animal 
fertilizer, traffic and fertilizer applications (PROG, 1990). Its role in acidification and 
eutrophication and its impact on the ecosystem and water equality is well-
documented. In addition ammonia is the major principal gas in the atmosphere and 
plays an important role in atmospheric chemistry, transport and deposition processes 
(Adams et a/., 1999). 
Ammonia is an important trace gas because of its probable role in 
acidification after nitrification (van Breemen and van Dijik, 1988) and because it is 
important as a nitrogen source for ecosystems. It is the major neutralizing compound 
in the atmosphere. Because of its short lifetime and because its main source is the 
earth's surface, it is present mainly in the troposphere. 
Ammonia can react in the atmosphere to form particles or water droplets 
containing ammonium (NH/), which can be carried over a long distance before they 
are removed by precipitation. Together ammonia and ammonium ions are often 
called reduced nitrogen'. Gases and particles can be removed from the atmosphere 
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by being absorbed by the land and water surface (dry deposition) and can also be 
removed from the atmosphere by rain or snow (wet deposition) (Bobbink et al., 
1992). 
2.5 Acid Rairi 
Scientists have shown that air pollution from burning fossil fuels is the major 
cause of acid deposition or acid rain, as it is commonly known. Commonly winds 
transport the pollution, sometimes hundreds of miles, both within countries and 
across national borders. For example more than 90% of the acid rain influential 
Norway originates in other countries (MoE-Norway, 1995). Therefore, acid deposition 
is becoming one of the most important global environmental issues and is widely 
recognized as a serious problem affecting many parts of the world, especially 
Europe, East Asia, North and South America (FAO, 1997; Okuda et al., 2005). 
2.5.1 South America 
The expedited development and land clearing that occurred in many areas of 
the Amazon basin during the 1980s (Shukla et al., 1990) may also have increased 
the anthropogenic effects on rain chemistry. Estimates of forest cutting indicate that 
approximately 3 * 105 km2 of forest were cut from 1960 to 1989, with the fastest 
rates occurring during the mid-1980s (Fearnside, 1990). 
de Mello (2001) measured the chemical composition and deposition of rainfall 
in the Rio de Janeiro in Brazil from September 1988 to August 1989 and found the 
volume weighted mean of pH was 4.8. In Venezuela, Morales et al., (1998) reported 
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the volume-weighted average pH values of the rainfall samples were between 4.2 
and 4.6, with individual samples reaching as low as pH 3.0. 
Wet-only samples were collected at a site in the urban area of Sao Paulo 
metropolis in 2000. The majority of ions in the rainfall were measured by capillary 
zone electrophoresis with conductivity detection and the volume-weight mean 
concentrations of the anions were SO42" with a value of 19 peql-1, N03" with 15.6 
Ijeql"1 and CI" with 4.5 peqP with a pH of 4.8 (Fornaro and Gutz, 2003). 
Pelicho et at. (2006) investigated the chemical composition of bulk and wet-
only rainfall samples in Londrina city, in south Brazil between 1998 and 2002 and 
found the average pH values of the two sampling techniques used were similar. Bulk 
(34%) and wet-only (35%) samples had pH lower than 5.6. In addition, the samples 
from the two collectors had a similar pH average profile and the rain acidity gradually 
decreased over the study period. 
2.5.2 North and Central America 
Acid rain has affected plant and animal life within the aquatic ecosystem, as 
well as microbiological activity, by influencing the rates of decomposition and the 
accumulation of organic matter (EPA, 1994). The chemical composition of rainfall in 
the USA and Canada is influenced strongly by anthropogenic emissions of sulphur 
and nitrogen (NAPAP, 1998). 
The Kentucky Acid Deposition Program (KADP) rainwater chemistry network 
was originated in 1983 with the goal of providing a state-wide monitoring system to 
document and characterize the occurrence of acid deposition in Kentucky. A variety 
of analyses were made on the KADP data for the period 1983-1989 to characterize 
rainwater chemistry in the lower Ohio River Valley. The annual pH was about 4.2. 
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sulphuric acid and nitric acid being identified as the prime contributors to rainfall 
acidity in this region (Sayloret al., 1992). 
Clow and Mast (2003) also measured the acidity of rainfall over parts of the 
United States and Canada, and found that they have a pH of between 4 and 5 and 
that acidity has increased steadily over the past forty years or so. 
Perez-Suarez et al. (2006) evaluated the chemical composition in rainfall 
samples at two sites in the basin of Mexico City and found the average pH value of 
5.2 and the rainfall of both sites showed an increase in the concentrations of S042", 
N03" and NH/ at the end of the rainy season. 
2.5.3 Europe 
Acid rain in European countries started in the nineteenth century. As a 
consequence of atmospheric carbon dioxide content and naturally occurring trace 
substances, it is possible for rainwater in northern and central Europe to have a pH 
value of between 5.5 and 5.7 in the absence of anthropogenic contamination. In fact, 
the pH value for rainwater in Scandinavia, Poland and Germany lies on average 
between 4.0 and 4.6, which corresponds to up to 40 times the natural acidity levels 
(Walna and Siepak, 1999). 
Balestrini et al. (2000) measured the wet and dry atmospheric deposition in 
northern Italy and compared the volume data collected by two different samplers (wet 
and bulk), which showed a good correlation; the bulk sample collected a mean of 4% 
more than the wet collector, and the weighted-mean pH of wet deposition was in the 
range of 4.8 to 5.1 with electrical conductivity ranging from 12 to 20 JJS cm"1. The pH 
of dry deposition ranged from 6.0 to 6.7 and only 16% of the total dry samples were 
acid (pH <5.6) with electric conductivity in the range of 10 to 29 PS cm"1. 
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Tsitouridou and Anatolake (2007) collected rainfall samples from two sites in 
the area of north-western Greece for one year. The results showed there was a 
difference in the mean pH of the rainfall samples between the two sites, site one 
being 5.1 whereas site two was 6.0 and S042" and Ca2+ concentrations were 
abundant in both sites. 
2.6 Physico-Chemical Analysis of Rainfall and Throughfall 
It is important to choose reliable analytical procedures in order to provide 
acceptable chemical data. Analytical procedures for rainwater analysis are typically 
at the detection limits of analytical methods and instruments used, so that careful and 
sensitive analytical procedures have to be realized. Rainfall samples after reaching 
the laboratory are kept in a refrigerator after filtration using a suitable filter and would 
be used for analysis a short time after (Tanner, 1999). What follows are the required 
parameters for analysis in rainwater at the analytical laboratory, namely electrical 
conductivity, pH, anions (sulphate, nitrate, chloride, etc.), cations (ammonium, 
sodium, potassium, magnesium, calcium, etc.). 
2.6.1 Electrical Conductivity 
The electrical conductivity of a sample can be directly measured using a 
conductivity bridge with a measuring cell. The conductivity varies with the 
temperature of the solution and also varies with the concentration and the species of 
free ions present in the solution. Since the conductivity also depends on the 
electrode area and its spacing, the measuring device has to be calibrated to obtain 
the cell constant or the meter has to be adapted. A potassium chloride (KCI) solution 
of a known concentration and conductivity is used for calibration. Conductivity is 
measured and represented in units of pS/cm and corrected to 25 °C. The 
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conductivity range of rainfall samples extends from <5 to 150 |JS cm"1 (Kuroda et al., 
1990). Because pH probes release KCI into solution, conductivity has to be 
measured beforepH to avoid any possible salt contamination from the pH electrode 
(Schmitt et al., 2005). 
2.6.2 pH measurement 
The pH of rainwater varies between 3.0 and 8.0 pH; the concentration of 
hydrogen ion varies from <0.1 |jmol/l to 1000 |jmol/l. Using instruments that have 
temperature compensation can control the temperature effect on the electrometric pH 
measurement. A temperature of 25 °C is recommended for a pH measurement 
(Kuroda et al., 1990; Durst et al., 1994). 
2.6.3 Analysis of Cations 
Atomic absorption spectrometry is an easy and quick procedure that can be 
used to determine Na+, K+, Ca2+, Mg2+, Pb2*, Hg2+, Zn2+ etc., in rainfall samples. 
Detection limits, susceptibility, and the ideal range vary depending on the 
manufacturer and the atomic absorption spectrophotometer model. The low 
concentration of Na+, K\ Ca2*, Mg2+ in rainfall samples requires using very sensitive 
procedures (Schrenk, 1975; Kanellopoulou, 2001, and thus ion chromatography is 
frequently used for cation analyses). For measuring ammonium in rainfall samples, 
automated or manual spectrophotometric determination with phenate is often used. 
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2.6.4 Analysis of Anions 
Ion chromatography has been widely used in recent years to analyses anions 
and cations in rainfall samples. Sulphate, nitrate, and chloride in rainwater are 
separated on an ion exchange column because of their different affinities for the 
exchange material (EPA, 1986; Yu et a/., 1998). The column usually used for anion 
separation is a polymer coated with quaternary ammonium active sites. After 
separation, the anions pass through either a strong acid cation exchange column 
(suppressor column), which exchanges all cations for H* ions, or an electrical 
suppresser (Topcu et a/., 2002). 
Chloride, nitrate and sulphate are measured directly as acids by a 
conductivity detector. Both isocratic and gradient methods are available for ion 
chromatographic analysis (Oikawa, 1994; de Mello and de Almeida, 2004). 
2.7 Throughfall 
Inputs to watersheds can be measured by quantifying wet plus dry deposition 
across the landscape (Houle et at. 1999a, 1999b, Lovett 1994, Matzner and Meiwes 
1994, Rustadetal. 1994, Lawrence and Fernandez 1993, Weathers et al. 1992). The 
chemistry of throughfall caters a conceivable estimate of total deposition to a 
watershed or landscape for more conservative ions, and it is often significantly 
different from the chemistry of wet-only samples (Grigal 2002, Rea et al. 2000, Lovett 
1994, Rustad et al. 1994, Lindberg and Lovett 1992). Advantages of using throughfall 
to estimate deposition are: 1) throughfall techniques are better suited to complex 
terrain where micrometeorological techniques are not feasible, and 2) throughfall and 
stemflow yield the point-specific data necessary for illation to the watershed scale 
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(Lindberg et al. 1994, Lindberg and Lovett 1992). Disadvantages are that the 
following hypotheses must be encountered: 1) incident precipitation removes 
substances deposited on the canopy, and 2) internal plant leaching is negligible 
(Lindberg et al. 1994). Also, sufficient numbers of samplers must be used to address 
the problem of spatial variability (Houle et al 1999a). 
2.7.1 Controls on Throughfall 
Precipitation in a forest is intercepted by the canopy and sectioned into 
throughfall and stemflow, leading to heterogeneous water inputs that impress soil 
water dynamics. In forested landscapes, trees have a major impact on water 
movement in soil because of the unified effects of canopy interception. 
Throughfall deposition is affected by processes operating on multiple spatial 
and temporal scales. Atmospheric deposition of pollutants to complex terrain is not 
spatially uniform (Houle et al. 2000b, Weathers et al. 2000, 1995, Lovett et al. 1999, 
Cronan and Reiners 1983). Seasonal meteorology influences wind direction, and 
thus controls the chemistry of precipitation depending on the source of the air mass. 
2.7.1.1 Leaf Scale 
Sulfur is primarily deposited as S02 (50-75% of S deposition; Johnson and 
Lindberg 1992, Meyers et al. 1991), and may be taken up through stomates (Granat 
and Hallgren 1992; Meyers et al. 1991). However, 1) net canopy exchange close to 
zero in Maine and Tennessee (Lindberg 1992, Lindberg and Johnson 1986); 2) 
labeling studies where only 3%-7% of deposited S was taken up by foliage (Cape et 
al. 1992, Garten et al. 1988); and, 3) tree stem injection studies finding 3%-15% of 
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total SO42" concentration removal due to uptake (Josliri and Wolfe 1992, Lindberg 
and Lovett 1992, Garten et al. 1988) support the hypothesis that almost all deposited 
S is recovered in throughfall (Hultberg and Ferm 1995, Granat and Hallgren 1992, 
Joslin and Wolfe 1992, Hultberg 1983). 
Na* and CI" are usually deposited as seasalt aerosols (Beier et al. 1992, 
Ulrich 1983). Although Na+ and CI" are thought to be conservative with respect to the 
forest canopy - particulary in coastal areas (Beier et al. 1992) - leaching of base 
cations and CI" can occur during senescence (deciduous) and dormancy (conifers) 
(Baumler and Zech 1997, Neary and Gizyn 1994). Also, a process called CI" 
depletion can occur, by means of nitric or sulfuric acids react with the sea salt 
aerosol (NaCI) and form NaN03 or Na2S04 and HCI (g) (Harkel 1997, and sources 
within). In this scenario, HCI (g) deposits on vegetation as dry deposition, but 
because it has the same deposition velocity as larger seasalt aerosols and the 
smaller aerosols are depleted first, deposition on vegetation can be greater for CI" 
than Na+ (Harkel 1997). This process is most important in the coastal zone (Harkel 
1997). 
2.7.1.2 Species I Vegetation Type Scale 
Differences in throughfall ion concentrations and deposition under different 
vegetation types highlight the contrast between deciduous and coniferous canopies 
(Cronan and Reiners 1983). Ions that are canopy-reactive respond to changes in 
phenology. For example, potassium leaches readily from deciduous canopies as they 
senesce in autumn. For ions that are less canopy-reactive, the difference between 
vegetation types is primarily attributed to differences in canopy structure or 
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architecture (Grigal 2002, Johnson 2002, Nelson 2002, Weathers et al. 2000a, Houle 
etal. 1999b, Lovettetal. 1999, Matzner and Meiwes 1994, Rustad et al. 1994). 
As a general rule, SCV, CI", Na+, and Hg deposition are higher under either 
coniferous or mixed canopies than under deciduous canopies (Grigal 2002, Johnson 
2002, Nelson 2002, Houle et al. 2000b, Weathers et al. 2000, Kolka et al. 1999, 
Lovett et al. 1999, Rustad et al. 1994, Ivens et al. 1990). Retention of foliage year-
round and the greater surface area to volume ratio of needles as compared to leaves 
contribute to greater deposition at coniferous sites (collectively referred to as 
'scavenging efficiency') (Grigal, 2002, Lovett et al. 1999, Whelan et al. 1998). 
2.7.1.3 Stand Scale 
At the stand- or landscape-scale, throughfall deposition may be driven by 1) 
canopy waviness and edge effects; 2) altitude; 3) aspect or source area; and 4) 
disturbance, which can affect vegetation type. Forest edges can act as traps for dry 
deposition, because they are rough in relation to the surrounding landscape, and 
t 
wind speeds tend to be higher at forest edges (Weathers et al. 2000a, 1995). In 
Denmark, Na+ was used to designate relative deposition at a forest edge, interior, 
and open site; deposition at the edge was 21 times that in the open, and deposition 
in a forest interior was 7.5 times that in the open (Beier et al. 1992). In New York, 
cloud deposition was, on average, three times greater at forest edges than interior 
areas (Weathers et al. 2000, 1995). At a mixed deciduous-spruce-fir site in Maine, 
canopy roughness was suggested as a mechanism leading to higher deposition of 
S042" and CI", especially the presence of occasional super-dominant conifers across 
a watershed (Rustad et al. 1994). 
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Increased deposition at high elevations might be due to orographic 
enhancement of precipitation volume, greater leaf area in high-elevation conifers 
(Cronan and Reiners 1983), greater wind speeds at high elevations (Lovett et a/. 
1999), or increased rates of cloud/fog water and dry deposition (Weathers et al. 
2000, 1998). In New York, SO42" deposition increased thirteen-fold from 800 to 1275 
meters; above 1000 meters, vegetation types were initially coniferous or mixed 
conifer-deciduous, in contrast to the lower elevation deciduous vegetation (Lovett et 
al. 1999). Using lead in the forest floor as an index for total deposition, Weathers et 
al. (2000) determined enhancement factors for high: low elevation stands on the 
same aspect to be 2.5 for conifer and 1.0 for deciduous stands. 
2.7.1.4 Winter Inputs and Snow Collection 
Relatively few published studies have specifically addressed estimation of 
total deposition of major ions in winter, and none are notified for mercury in the 
review published by Grigal (2002). Winter throughfall deposition of major cations and 
CI" was dramatically higher than wet deposition in Quebec (Houle et al. 1999b). In 
the leaf-off period at Cone Pond, New Hampshire, Ca2+ in both conifer and deciduous 
throughfall (estimated using Sr isotopes) was regularly higher than wet deposition 
(Bailey et al. 1996). 
2.8 Landscape Controls 
Throughfall chemistry and volume have been found to be highly temporally 
and spatially variable in intensive studies (Hansen et al., 1994; Bailey et al., 1996; 
Whelan et al.. 1998; Lovett et al., 1999; Houle et al., 1999a, 1999b). Four landscape 
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features that affect S and N deposition rates across heterogeneous landscapes that 
have been described are: vegetation type and structure, aspect, elevation, and edges 
or gaps in the forest canopy (Weathers et ai, 2000a). 
Several research efforts have assessed the effects of individual landscape 
features on atmospheric deposition (Cronan and Reiners, 1983; Lawrence and 
Fernandez, 1993; Hansen et ai, 1994; Bailey et ai, 1996; Whelan et ai, 1998; Lovett 
et ai, 1999; Houle et ai, 1999a, 1999b; Weathers et ai, 1992, 1995, others) and one 
has looked at the combined effects (Weathers etai, 2000a). 
2.8.1 Terrain 
Terrain (specifically, topography and elevation) effects are often indirect. 
Unlike rainfall, orographic enhancement is not typically a factor affecting precipitation 
(Pomeroy and Gray 1995). The increases were attributed to prevailing wind intensity 
and duration, and greater exposure to moist air masses, which are generally factors 
showing the effects of larger-scale meteorological patterns (Kuz'min 1963). At higher 
elevation where wind speeds tend to be higher, vegetation often has less leaf area 
than at lower elevations in the same locality. Greater winds can thus result in less 
snow collection due to scour and redistribution, or greater snow collection on the 
ground due to lower interception by the high elevation vegetation (Pomeroy and Gray 
1995). 
2.8.2 Interception 
A significant effect of the physical features of vegetation is the loss of water 
by evaporation from the canopy (Roberts 2000). Water removed by evaporation is 
also part of the interception process. Distinct changes in stream flow have been 
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observed after forest removal and have been attributed to large interception losses 
relevant to tall forest canopies. The presence of vegetation affects both the volume of 
rainfall reaching the soil surface and the ability to prevent Aeolian transport of soil 
from a site (van Dijk and Bruijnzeel 2001). Sudden changes in canopy characteristics 
can be treated by partitioning data into events before and after the change. 
Hierarchical changes are treated with regular time functions that are consistent over 
each time step (van Dijk and Bruijnzeel 2001). 
Interception varies greatly with species, density, and structure of the forest, as 
well as varying climatic conditions. High variability of storm regimes, complexity of 
stand architecture, and lack of information on intercepted water make these models 
difficult to validate (Asdak et al. 1998). Studies have also shown that water falling 
directly to the ground, or throughfall, is statistically independent of wind speed during 
rainfall due to enhancement of evaporation rates from exposed wet forest canopies 
near the upwind edge of un-vegetated land (Klaassen etal. 1996). 
During the 20th century a variety of models were advanced to predict canopy 
interception during rainfall. These use volume of rainfall, evapotranspiration during 
rainfall, and characteristics of the canopy to predict storage capacity. Horton (1919) 
modeled interception loss by assuming the canopy to be fully closed, throughly dry at 
the start of rainfall, and by assuming that evaporation proceeds at a constant rate 
equal to that occurring at full saturation. The Linsley model (1949) presents the 
exponential decay of canopy storage and evaporation rate during rainfall denoted as 
a function of precipitation. The exponential decay factor was known by Aston (1979) 
as indicating an index of canopy closure (Liu 1997). The Gash model (1979) 
calculates canopy storage capacity by plotting throughfall against incident 
precipitation. This procedure is reiterated for multiple events where rainfall exceeds 
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canopy storage capacity. Linear regression is used to quantify storage. Canopy 
storage capacity is found by integrating the throughfall and incident precipitation lines 
from the inception of rainfall to their point of intersection. Their difference gives the 
total storage capacity of the canopy (Carlyle-Moses and Price 1998). 
These models are precursors to the Liu Model (1997), which was advanced 
specifically for the estimate of rainfall interception in forests. The parameters used in 
the model are the rate of precipitation, P , maximum canopy storage capacity, max C 
, current canopy storage, C , canopy dryness index before rainfall, 0 D , a free 
throughfall index, 0 b , canopy closure, (1- bO ), and evaporation rate from the wet 
canopy, w E. Each parameter has specific physical meaning and is conceived to be 
measurable. 
Canopy storage is described by the equation: 
The Liu model has been compared against the widely used Gash model. The Gash 
model calculates canopy interception using the fraction of canopy cover c, the 
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The dryness index during the period of concern is estimated from the average 
volume of rainfall per storm. The evaporation rate during rainfall is calculated from 
interception. Predicted interception has been assessed on both a daily and a storm 
event base. Intercepted rainfall predicted by the Liu model and the Gash model were 
found to be in close compact (Liu 1997). The Liu model has been shown to perform 
better on an event basis than on a daily basis. In terms of simplicity and data 
requirements, the Liu model is easier to use than other effective models while still 
providing a high degree of precision. 
Recent models have been developed partitioning rainfall into throughfall, stem 
flow and interception. These are more difficult to validate because of the large 
number of variables. Measurements of interception during storms with moderate 
rainfall have been known to produce values in excess of precipitation. This result is 
attributed to residueal canopy storage and wind age effects (Crockford and 
Richardson 2000). An additional problem with interception by stems and branches is 
the significance of mosses, liverworts and lichens as mature forest structures that 
retain large volumes of water (Holscher et al. 2004). 
2.8.3 Vegetation Type 
Deciduous versus Coniferous. Tree species differ in their capability to affect 
the availability and chemistry of the rainwater below them. Depending on the 
branching pattern of the tree, the leaves and branches instruct the incoming water as 
throughfall. Throughfall chemistry is different under different canopies due in part to 
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ion exchange reactions that originate more readily in deciduous canopies, and 
canopy architecture (Cronan and Reiners, 1983; Matzner and Meiwes, 1994; Bailey 
et a!., 1996; Lovett et ai, 1999; Houle et al., 1999b; Weathers et al., 2000a). 
Deciduous throughfall usually has a higher pH due to ion exchange of H for base 
cations or a 'weak base buffering' effect, thereby the canopy releases organic or 
bicarbonate salts (Cronan and Reiners, 1983). Throughfall under conifer canopies 
indicates a net acidification, likely due to NH4 uptake or nitrification, washout of dry 
deposition, or leaching of organic acids from the canopy (Cronan and Reiners, 1983). 
During the growing season, S deposition was highest under mixed canopies (Lovett 
et al., 1999). Across Europe, total S deposition ranged from 50-100% greater under 
coniferous than under deciduous canopies (Ivens et al., 1990). 
2.8.4 Evaporation 
The terms 'evaporation' and 'sublimation' are often used interchangeably in 
the literature, but Lundberg and Halldin (2001) recommend use of the term 
'evaporation' because it is uncertain whether snow essentially transfers directly from 
solid to gaseous form. Under the canopy, evaporation from snowcover on the 
watershed surface and transpiration by vegetation are likely small fluxes (Lundberg 
and Halldin 2001, Kuz'min 1963). The key factors determining evaporation loss are 
thought to be aerodynamic resistance, or exposure to turbulence (Lundberg and 
Halldin 2001); climate, specifically humidity (Pomeroy and Gray 1995, Lundberg and 
Halldin 1994); and intercepted snow mass (Lundberg and Halldin 1994). If snow 
mass on a branch becomes large, the macroscopic surface area declines due to 
bridging between branches and evaporation can decrease (Lundberg and Halldin 
1994). As air temperature increases, many small water drops form from the mass of 
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snow, and wind speed tends to be higher at higher temperature (Lundberg and 
Halldin 2001). These circumstances favor evaporation, and in fact, evaporation loss 
was greatest later in the snow season in the boreal forest (Pomeroy et at. 1998). 
2.8.5 Unloading 
Unloading may be conceptualized as the inverse of interception of snow and 
is affected by similar processes. Unloading delivers water to the catchment surface 
from the canopy, while evaporation is a loss of water from the canopy. Nevertheless, 
it is a process that occurs at a smaller scale, depending on characteristics of 
individual branches as much as those of vegetation types. As with interception, 
unloading can depend on canopy content and a coefficient for vegetation type, wind 
speed (Niu and Yang 2004), density and strength of snow structure, branch bending 
under the snow load, and 'elastic rebound', or bouncing of snow particles off the 
branch or snow (Niu and Yang 2004, Pomeroy and Gray 1995). The factors 
controlling unloading are also shortly related to those controlling evaporation 
(Lundberg and Halldin 2001). Increased air temperature makes branches more 
flexible, weakens the snow structure, and is generally correlated with higher wind 
speed (Lundberg and Halldin 2001, Pomeroy and Gray 1995). 
2.8.6 Topography 
Elevation and Aspect. Landscape factors are often interrelated and cannot 
easily be studied independently. Generally, studies of topography are linked to 
vegetation types. The most prevalent example is a study design in which high 
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elevation sites have coniferous vegetation while lower elevation sites have deciduous 
vegetation (Cronan and Reiners, 1983; Lovettetal., 1999). 
Differences in deposition at high versus low elevations might be due to 
orographic enhancement of precipitation volume, higher leaf area in high elevation 
conifers (Cronan and Reiners, 1983), or increased rates of cloud water and dry 
deposition (Weathers et ai., 1998 and 2000a). More wind at high elevations may also 
increase dry deposition although the typical lower stomatal conductance of high 
elevation trees may neutralize the enhancement for some substances, particularly 
SO (Lovett et ai, 1999). Lack of enhancement of precipitation volume was attributed 
to interception loss, which occurs when cloud water deposits subsequently evaporate 
(Lovett etal., 1999). 
Weathers et al. (2000a) estimated enhancement factors (EFs) for various 
landscape conditions using lead in the forest floor as an index for total deposition. 
EFs have been calculated using 1) the ratio of the mean for high elevation stands to 
the mean for low elevation stands, 2) the mean ratio for west facing, high elevation 
against low elevation stands; and 3) the mean ratio for edge versus interior zones 
(Weathers et al., 2000a). The enhancement factors were used to scale up 
background deposition by multiplying mean annual deposition by the EF and using 
area weighting to show the suitable addition of each forest type (Weathers et al., 
2000a). Using calculated EFs, there was important enhancement of total deposition 
at western versus non-westem aspects (Weathers et al., 2000a). The EFs for 
western aspects were 2.5 for conifer sites and 1.0 for deciduous sites (Weathers et 
ai, 2000a). 
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2.8.7 Canopy Structure 
High spatial versatility in throughfall may represent differences in canopy 
structure (Lovett et al., 1999). In New York, cloud deposition was, on average, three 
times greater at forest edges than interior areas, reflecting higher wind speeds and 
the characteristics of forest structure at edges (Beier et al., 1992; Weathers et al., 
1995; 2000a). The importance of forest edges has been stressed, and even 
suggested as a probable tool for estimating deposition by using tracers and the rate 
of attenuation of deposition from the edge to interior of a forest patch (Beier et al., 
1992). 
Relatively high rates of deposition in coniferous sites are likely due to canopy 
roughness and canopy retention of foliage all year (Whelan et al., 1998; Lovett et al., 
1999). After approximately 40% of the stem volume was removed in an experimental 
German watershed, interception and deposition rates were reduced up to 45% 
(Baumler and Zech, 1997). 
2.9 Nutrient Inputs via Throughfall 
Throughfall is the main pathway through which nutrients move from trees to 
surrounding components of the ecosystem. In intercropping systems, it may also 
serve as a source of nutrient input to crops grown adjacent to tree rows. Throughfall 
is identified as precipitation that either falls to the soil surface directly through gaps in 
the canopy, or drips from branches and foliage (Kirnrnins. 1997). In north temperate 
systems, throughfall is a function of stand concentration, canopy size, precipitation, 
holding capacity and many other factors (Kimmins, 1997; Perry, 1994). 
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The nutrient content of throughfall may either decrease or increase on its way 
through the canopy. Decreases reflect direct absorption by foliage or foliar epiphytes 
(including lichens, fungi, and bacteria). However, increases are more often reported 
than decreases and result from: a) nutrients that have accumulated on foliage 
through dryfall, and b) nutrients leaching from foliage or foliar epiphytes. The former 
is an input to the system, while the latter is part of the intrasystem cycle. It is very 
difficult to differentiate between these two pathways (Perry, 1994). 
Temperate and tropical forests growing on relatively fertile soils mostly add 
nutrients to precipitation. Forests growing on infertile sites, however, often scavenge 
cations and phosphorus from rainfall as it passes through the canopy (Duvigriead 
and DeSmet, 1970; Jordan et al.. 1982; Brasell and Sinclair, 1983). 
Any nutrient may be leached from tree canopies by rainfall as long as it is in a 
soluble form. However, the basic cations are usually more common in throughfall 
than nitrogen and phosphorus. This is especially true for potassium, which is not 
known to occur in rganicorganic forms within tissues (Duvignead and DeSmet, 1970; 
Jordan, 1982; Brasell and Sinclair, 1983). The potassium content of precipitation 
often increases 10-fold following passage through the canopy (Golley, 1983). 
Internal cycling of nutrients in throughfall can come initially from canopy 
constituents other than leaves. Reiners and Olsen (1984), for example studied 
nutrient fluxes to and from multiple parts of balsam fir (Abies balsamea (L.) Mill.) 
canopies and found that dead twigs and lichens growing on twigs added well more 
than 10 times the amounts of sulfate and potassium to precipitation water than were 
added by foliage. 
Throughfall is an important constituent of nutrient input and cycling in forest 
ecosystems. Many researchers have quantified net nutrient inputs and transformation 
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in nutrient concentrations in throughfall as a result of passage through forest 
canopies (Nye, 1961 ; Attiwill, 1966; Carlisle et ai, 1965,1967; Brown et at-, 1970; 
Denaeyer- DeSmet, 1970; Wells et ai, 1972; Reiners, 1972; Abee and Lavender, 
1972; Hart et ai, 1973; Eaton et ai, 1973; Malkonen, 1974; Torrenneva, 1975; 
Henderson, 1977; McColl et ai, 1978; Sigmon et ai, 1989; Arthur, 1992; Blew et ai, 
1993; Matzner et ai, 1994; Amezaga et ai, 1996; Fenn et al., 1997; Lin et ai, 1997), 
and much concern is being focused on the external and internal sources of 
throughfall concentration (Parker, 1983). Throughfall deposition collection remains a 
useful tool for quantifying the input of elements from atmospheric deposition to the 
forest soil (Hovmandet ai, 1995; Butler et ai, 1995). 
2.10 Wet Deposition 
Wet deposition is the process whereby pollutants are removed from the atmosphere 
by precipitation. The process contributing the majority of pollutants in rain and snow 
is nucleation scavenging, in which aerosols containing the pollutant act as the 
condensation nucleus around which cloud droplets form (NEGTAP, 2001). An 
importantfraction of the mass of the atmospheric aerosol is present as ammonium 
sulphate ((NH4)2S04), which is formed by the uptake of NH3 by pre-existing aerosol 
particles of H2S04 (Metcalfe et ai, 1999). Ammonium sulphate is largely removed 
from the atmosphere by rain and has an atmospheric lifetime of several (5-10) days. 
As a result, ammonium sulphate particles may be transported hundreds of kilometers 
from pollution sources. Apart from ammonium sulphate, aerosol ammonium nitrate 
(NH4NO3) is also present in the atmosphere which is formed by the condensation of 
NH3 and HN03 onto preexisting aerosol particles and is largely removed by rain 
(Metcalfe et ai, 1999). Other minor contributors to wet deposition include diffusion 
43 
and impaction of aerosols onto cloud and rain droplets. S02 is relatively insoluble in 
cloud water, but photochemical reactions lead to the conversion of the gas to soluble 
S04 aerosol, while a similar reaction converts N oxides to aerosol N03. The 
movement of precipitation through the atmosphere allows the entrainment of other 
gases and particles so that precipitation removes most aerosols (1.0 to 2.0 pm in 
diameter) containing S04 and N03 (Soulsby, 1997). 
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3 Materials and Methods 
3.1 Study Area (Site) 
Field measurements of wet deposition and throughfall were made at the 
Thompson Farm AIRMAP site in Durham, NH. The Thompson Farm (TF) is in a rural 
area in southeastern New Hampshire, adjacent to Packers Falls Road and the 
Lamprey River. Thompson Farm is located in Durham, NH approximately 3 km south 
of the University of New Hampshire (43.11N, 70.95 W, elevation 23 m) (Figure 3.1). 
Thompson Farm is 24 km from the Gulf of Maine and 5 km northwest of Great Bay, 
NH, and is located on an active corn (through 2005) and alfalfa (2006 to present) 
farm surrounded by a mixed forest. Thompson Farm receives air masses that have 
been affected by a variety of different source regions, including coastal marine, the 
forested sub-Arctic, the industrialized Midwestern US, the metropolitan East coast 
and the open North Atlantic Ocean. Most of the air quality measurements conducted 
are performed on air sampled from the top of a forty foot tower. The property consists 
of agricultural fields, uneven-aged forst stands, streams, and wetland areas. 
Ambient air at Thompson Farm is analyzed onsite for numerous species 
including CO, 03, S02, NO and NOy, as well as VOC's. Additionally, meteorological 
parameters such as wind speed, wind direction and temperature are also monitored 
(Figure 3.2.). Details and a record of these measurements are reported at the 
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Figure 3.1: Thompson Farm in Durham, NH is located in New England region of United States. 
Thompson Farm is located approximately 20 km west of Portsmouth on the sea coast of NH and 
the Interstate 95 corridor (inset). (Source: http://airmap.unh.edu/). 
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Figure 3.2: UNH observing station at Thompson Farm, Durham, NH. (Source: www.eos.unh.edu). 
3.1.1 Climate 
Annual temperature for Thompson Farm, New Hampshire is 47.6° F (8.7 0 C) 
(2010). Annual precipitation for Thompson Farm is 108.7 cm (2010). 
(www.idcide.com/weather/nh-2010). Seasonal precipitation is relatively evenly 
distributed, with minimum values occurring in summer and the highest monthly 
amount in November (Table 3.1). 
Table 3.1: Seasonal precipitation at Thompson Farm, (www.idcide.com/weather/nh-2010). Winter: 
December to February, Spring: March to May, Summer: June to August, Fall: September to 
November (2010). 
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From 14 April 2009 - 14 November 2009, Aerochem Metrics model 301 wet/dry 
automatic samplers (Landing et ai, 1998) were placed under coniferous trees and 
under deciduous trees. Wet-only deposition samples were collected at the direct 
precipitation site on the TF tower. 
The AIRMoN throughfall collection system utilizes an Aerochem Metrics Model 
301 wet/dry precipitation collector in order to obtain samples only when precipitation 
is falling. A photograph of the Aerochem Metrics Model 301 wet/dry precipitation 
collector is shown in Figure 3.3. A mobile lid covers a clean sample bucket until 
precipitation is detected by a wetness sensor. When precipitation is detected, the 
mobile cover is automatically removed exposing the bucket until precipitation is no 
longer detected. The bucket is then recovered until the next precipitation event. 
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Figure 3.3: Aerochem Metrics Model 301 wet/dry precipitation collector. 
During a rainfall event, while the Aerochem Metrics sampler bucket is uncovered, it 
collects both wet and dry deposition. However, Beverland et al. (1997), demonstrated 
that the proportion of dry deposition compared to wet deposition during this time 
period was insignificant provided the sample collection bucket was well covered prior 
to and after the rainfall event. 
3.3 Sample Collection and Precipitation 
3.3.1 Sampling Frequency 
The sampling frequency of rainfall samples is very important for this study. 
The most commonly used sampling frequencies are event, daily and weekly 
sampling schedules. Sequential samples taken within a single event are also used in 
studies focusing on precipitation scavenging processes and occasionally weekly 
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sampling is used. Unless stringent precautions are taken, collection periods of longer 
than one week are generally not recommended because of the potential for sample 
degradation and evaporation (Al-Momani et al., 1997; Wanqing, 2001; Krupa, 2002). 
3.3.2 Sampling Handling 
In this research the samples were collected after each rain event, and it was 
therefore necessary to clean the collection buckets before each sampling. The 
procedure was as follows: 
• The buckets were acid washed with dilute HCI and deionized water and dried 
at the University of New Hampshire laboratory; 
• The buckets were changed after each rain event at each station; 
• The buckets were capped immediately after removal from the collectors. 
3.3.3 Sample Documentation 
The precipitation samples collected from the site were identified, labeled and the 
information was entered into the database. This included: 
• Site name and a sample identification number 
• Sample date and time 
• Sample contamination (insects, bird droppings, leaves, particles) 
3.3.4 Laboratory Treatment of Samples 
The sample amount, pH and electrical conductivity were measured 
immediately after arrival at the University of New Hampshire laboratory. Following 
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this, the samples were filtered with a new filter and the filtered samples were frozen 
and refrigerated at 4 °C until the chemical analysis was made. 
3.3.5 Filtration of Samples 
After measuring the pH and electric conductivity of the samples, 60 ml and 30 ml of 
the rainwater sample was filtered. The procedures were as follows: 
• The new polyethylene bottles of 60 and 30 ml were labeled (with the site 
name and date). 
• The lid of each bottle was removed. 
• The bottles rinsed three times with rain water and the syringe was filled with 
rainfall and transferred into the bottle. 
• The polyethylene bottle was closed after filling. 
• The filtered samples were immediately frozen and refrigerated at 4 °C. 
3.3.6 Chemical Analysis 
The purpose of the chemical analysis of precipitation was to give an accurate 
indication of the chemical composition of precipitation. The instruments for chemical 
analysis used in this research were: 
• Dionex Ion Chromatography (ICS- 500) for anions (Cl~ S042- N03~) and 
cations (Na+, K\ Mg2\ Ca2*). 
• NPOC & TDN with Shimadzu TOC-V using high temperature catalytic 
oxidation. 
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• NIV with Smartchem discreet analyzer and automated colorimetric phenate. 
• DON is simply done by difference: DON = [TDN - (N03~) - ( NH«*)]. 
• Estimation of sea salt: The calculation of the sea salt component is based 
upon using Na* as the sea salt marker and using the [component]: [Na+] ionic 
ratio of the sea salt. The ionic ratio of sea water constituents were used here; 
Cr. Na+= 1.8 and S04Na*= 0.28. 
3.3.7 Analysis of Anions and Cations 
Dionex Ion chromatography has been widely used in recent years to analyses 
anions and cations in rainfall samples. Ion chromatography is a useful technique for 
the measurement of various ionic species in solution. It is based on the principles of 
chromatographic separation, and detection methods, the most common being 
conductivity suppression. The conductometrics application of ion chromatography 
can be applied to the detection of inorganic anions, as other methods have proved 
insensitive and time consuming (Piers, 2001; Zhang etal., 2007). 
The conductometric suppression of mobile phase conductivity has improved 
the method enormously and it allows a more sensitive detection of the conductivity 
difference between anions and the mobile phase eluent. Because the concentration 
of eluent is so high relative to that of the anions, it is often difficult to detect the slight 
drops in highly conductive eluent because less conductive anions pass through the 
detection cell. Since its development, conductometric detection has become a 
common means of detecting anions and cations (Neele, et al., 2001; Nordhaus and 
Anderson, 2002). 
Sulphate, nitrate, and chloride in rainwater are separated on an ion exchange 
column because of their different affinities for the exchange material (EPA, 1986; Yu 
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et a!., 1998). The material commonly used for anion separation is a polymer coated 
with quaternary ammonium active sites. After separation, the anions pass through 
either a strong acid cation exchange column (suppressor column), which exchanges 
all cations for H+ ions, or an electric suppresser (Topcu et at., 2002). 
3.3.8 Determination of the pH of Precipitation 
A pH meter is an electronic instrument used to measure the pH of a liquid 
(though special probes are sometimes used to measure the pH of semi-solid 
substances). A typical pH meter consists of a special measuring probe (a glass 
electrode) connected to an electronic meter that measures and displays the pH 
reading. 
pH is a measure of the acidity or alkalinity of a solution; aqueous solutions at 
25 °C with a pH less than 7 are considered acidic, while those with a pH greater than 
7 are considered basic (alkaline). 
3.3.9 Apparatus 
pH meters are commercially available with different specifications and 
options. A pH meter has an intercept and slope adjustment and was able to measure 
the ± 0.01 pH unit. In this research an YSI 556 Portable Waterproof pH/Conductivity 
meter was selected to measure the pH and conductivity of the rainfall samples. The 
pH meter is shown in Figure 3.4. 
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Figure 3.4: YSI 556 Portable Waterproof pH/Conductivity Meter (Source; www.ysi.com). 
This portable meter was a microprocessor-based instrument that measure pH, 
conductivity (EC), and temperature. The combination electrode was responsive over 
a pH range of 0 to 14. 
3.3.10 Measurement Procedure 
The procedure was as follows: 
• The pH meter was calibrated at two points (pH 4.0 and pH 7.0) using a buffer 
solution before and after each set of precipitation samples. 
• Measurements were made on the unfiltered samples. 
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• The electrode was rinsed with deionised water and then sample pH was 
measured 
3.3.11 Determination of the Electric Conductivity 
The conductivity of precipitation samples depends on the concentration of the 
various ion species and their different abilities to transport an electric charge in a 
solution, i.e. the ion species equivalent conductivity. The electric conductivity of a 
solution is the reciprocal value of its resistance and can be directly measured using 
conductivity bridge with a measuring cell. Conductivity is measured and expressed in 
units of pS cm-1 and corrected to 25 °C. 
3.3.12 Measurement Procedure 
The conductivity meter was calibrated. In this research the calibration solutions 
were 5 pS cm"1 and 170pS cm"1 and the electrical conductivity of each sample was 
measured according to the procedures in section 3.4.11. 
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4 Results 
4.1 Meteorological Variables 
Measured data on the wet deposition of atmospheric pollutants can exhibit a large 
year to year variation due to natural fluctuations in weather conditions. 
As expected, peak air temperature occurred in late summer, and the lowest 
values were in November (Figure 4.1). 
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Figure 4.1: Weekly mean variation of temperatures in Thompson Farm. 
As can be seen from Figure 4.1, the weekly temperature graph shows the 
characteristics of a typical cold temperature climate for most of the year. However, 
over the period of this research project, the daily temperature in Thompson Farm 
ranged from 6.7 °C to 23 °C, with a mean and standard deviation of 14.4 and 4,9 °C, 











Figure 4.2: Monthly average variation of wind speed at the Thompson Farm. 
Wind speeds play an important role in the dispersion of air particles and pollutant 
(Figure 4.2). Over the period of this research project, the daily wind speed in 
Thompson Farm ranged from 0.02 m/s to 6.68 m/s, with a mean and standard 
deviation of 1.06 and 0.27 m/s, respectively (Appendix B). 
4.2 Quantity of Rainfall and Throughfall 
Between 14 April to 14 November 2009 a total precipitation amount (P) 699 mm 
(CRN Network), and throughfall amount 523.13 mm (TFC) and 480.85 (TFD) were 
collected (Figure 4.3, Table 5.1). On the average, this amount of partitioned into 81% 
throughfall , 19% stemflow and interception loss for coniferous (TFC) and 73.8% 
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Figure 4.3: Monthly precipitation (CRN Network), throughfall (TFC and TFD) (full bars) and 
average temperature (line) during the study period. 
The quantity of rainfall for 8 months, from 14 April 2009 to 11 November 2009, 
fluctuated from sample to sample of three different collectors placed under coniferous 
trees, deciduous tree, and open atmosphere (precipitation). The result of rainfall and 
throughfall at the Thompson Farm is illustrated in (Appendix C, D and E). 
In these tables (Appendix C, D and E) it can be seen that the total amount of 
rainfall was 699 mm (CRN Network), the average weekly rainfall was 19.42 mm and 
standard deviation was 15.74 mm, while the maximum weekly rainfall of 59 mm was 
recorded on the 24rd July 2009. At the same time, the total amount of TFC and TFD 
at the Thompson Farm were 523.13 mm and 480.85 mm, while the maximum weekly 
TFC and TFD of 48.05 mm and 39.71 mm were recorded on the 3rd August and 12th 
May 2009, respectively. The average weekly and standard deviations were 15.5 and 
14.89 mm, and 12.73 and 10.24 mm, respectively. 
Figure 4.4, 4.5 and 4.6 shows the weekly distribution of the amounts of TF2, TFC 
and TFD measured at the Thompson Farm. The highest weekly rainfall and 
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throughfall quantities at Thompson Farm were observed in 24rd July (59), 3rd August 
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Figure 4.6: Weekly throughfall collected at TFD at the Thompson Farm. 
Figure 4.4, 4.5 and 4.6 shows that the rainfall amount was higher than throughfall 
amount during the 8 months study period. Over the thirty-week period, there was no 
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consistent pattern in the volume of deciduous versus coniferous throughfall. For 15 
weeks the TFD was higher than TFC, and there were 11 weeks when the TFC had a 
higher amount. 
Figure 4.7 shows the relationship between TF2-TFD, TF2-TFC volume at the 
Thompson Farm. There was a stronger relationship between TFC volume and TF2 
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Figure 4.7: Relationship between deciduous, coniferous throughall (TFD and TFC; mm) and 
rainfall (TF2; mm) at the Thompson Farm. 
4.3 Chemistry of Rain and Throughfall 
Acidic precipitation is primarily caused by the incorporation of anthropogenic 
S02 and NOx. These gases changed to SCV-S and N03"-N through photochemical 
reactions. The relationship between the average monthly variations of temperature 
and NOf-N and SO^-S concentrations of rainwater samples collected from 
Thompson Farm is presented in Figure 4.8. 
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Temperature (°C) 
Figure 4.8: Monthly average variation of temperature, N03"-N and SO,2'-S\ peqP, at the 
Thompson Farm 
As can be seen from Figure 4.8, the maximum temperature (23 °C) was recorded in 
August 2009; the maximum N03"-N and SCV-S concentrations (48.82 and 55.85 
MeqP, respectively) were measured at the Thompson Farm in June 2009. 
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Table 4.1: Maximum concentration of sea salt (Na*, Mg2*, CI', NH** and P0«*~; peqP, DOC and 
DON; mg/L). 
April May June July August September October November 
TF2 Na+ 13.8 13.9 8.2 9.5 7.7 19.8 35.3 67.8 
Mg2+ 1.3 2.7 1 0.8 0.3 3.7 3.7 7.4 
cr 39.3 44.2 40.1 40 32.1 54.2 29.9 49.4 




0.2 0.3 0.3 0.2 0.4 0.1 0.2 0.1 
DOC 0.6 0.9 1.2 1.4 1.4 0.8 0.7 0.8 
DON 0.05 0.05 0.05 0.02 0.33 0.03 0.04 0.02 
PH 5 5.2 4.3 5.1 5.6 5.3 4.4 4.8 
TFC Na* 33.7 41.5 14.7 10.6 29 27.2 35.2 74.3 
Mg2+ 12.2 28.8 17.4 25.8 14.2 20.2 23.5 32.1 
cr 42.3 60.6 28.1 29.4 39.3 84.8 51.9 108.6 
NH4+ 7.3 28.9 8 3.51 18.2 4.1 4.5 2.1 
PO^ 0.2 4.9 2 1.3 0.8 10.4 4.2 1.4 
DOC 11.6 24.5 20.6 17.9 15.1 27 18.6 19.6 
DON 0.04 0.05 0.04 0.03 0.06 0.03 0.03 0.01 
PH 4.3 4.5 4.4 4.9 4.9 4.8 4.5 5.9 
TFD Na+ 22.8 21.3 15.4 14.2 8.6 26.7 28.9 53.5 
Mg2* 4.9 23.3 44.4 21 17 23.7 87.7 99.6 
cr 27.6 38.8 25.5 27.4 22.6 88.3 58.7 77.9 
NH4* 11.8 8.3 1.6 4 1.37 2.04 0.87 2.64 
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P043" 0.37 2.13 11.5 0.99 0.79 6.7 34.8 25.4 
DOC 3.5 23.9 16.7 12.2 7.9 10.2 26 11.4 
DON 0.04 0.05 0.03 0.02 0.02 0.02 0.02 0.01 
PH 4.4 4.8 5.3 5.9 5.6 5.7 5.4 5.4 
Table 4.2: Maximum concentration of K* in rainfall (TF2), coniferous throughfall (TFC) and 
deciduous throughfall (TFD) recorded each month of the study. Units are |ieqP. 
April May June July August September October November 
TF2 K+ 1.3 2 2.7 2.9 2.5 2 3.3 5.1 
TFC K+ 14.4 46.4 34.8 33.4 29 50 41.3 92.3 
TFD K+ 5.2 38.5 219.6 54.9 29.7 56.8 197.6 162.2 
Table 4.3: Maximum concentration of NOf, SO*2", Ca2* in rainfall (TF2), coniferous throughfall 
(TFC) and deciduous throughfall (TFD) recorded each month of the study. Units are |ieqP. 
April May June July August September October November 
TF2 N03" 14 18.1 12.2 16.2 10.1 10 22 8.6 
SO42" 13.1 11 13.3 12.3 7.4 8.1 10.9 5.9 
Ca2+ 2 5.7 7.4 2.9 2.7 1.5 2 1 
TFC NO3- 10.6 71.8 8 12.1 9.6 7.1 7.9 -
S042" 19.4 37.7 14.6 23.2 11.5 12.3 14.6 13.8 
Ca2+ 19 59.1 36 44 39.5 61.1 39.3 22.9 
TFD N03" 14.3 40 9.1 11.6 15.4 - 7.9 -
S04^ 13.8 15.1 17.6 16.9 12.8 10.9 33.5 19.4 
Ca2+ 9.5 35.7 29.2 35.6 61.8 57.9 54 34.9 
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As shown in Figure 4.8 and Table 4.2, the total maximum concentration of K+ in 
the rainfall samples was measured in October 2009 (6.91 Meqr1) with the maximum 
wind speed ranging from 0.8 to 1.2 m/s, with a mean 0.9 m/s (Appendix B). 
According to Figure 4.8 and Table 4.3, the highest total concentrations of N03~-
N, SO^-S and Ca2+ was recorded in 9m June (48.82, 55.85 and 37.29 peql"1, 
respectively) with a mean wind speed 0.9 m/s. 
4.3.1 pH 
The reference level commonly used to compare acid rain with natural rainfall 
is 5.6, which is the value that results from the equilibration of atmospheric carbon 
dioxide with rainfall. Consequently, pH is the basic measure of pollution in rainfall 
(Walna et al., 2007). The results in Table 4.4. show that the pH of TF2 at the 
Thompson Farm ranged from 3.5 to 7.9 with a mean of 4.8 and with a standard 
deviation 0.9, TFC at the Thompson Farm pH ranged from 3.7 to 6.2 with a mean of 
4.7 and a standard deviation 0.53, while TFD at the Thompson Farm station pH 
ranged from 4.2 to 6.9 with a mean of 5.4 and with a standard deviation 0.66. 
On the other hand, dilution plays an important role in the acidity of rainfall. 
The regression between the pH of rainfall and throughfall samples and rainfall and 
throughfall quantity for 30 samples at the Thompson Farm are presented in Figure 
4.9, 4.10and 4.11. 
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Samples 
Figure 4.9: Relationship of pH with TF2 rain volume at the Thompson Farm. 
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Figure 4.10:Relationship of pH with TFC rain volume at the Thompson Farm. 
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Figure 4.11: Relationship of pH with TFD rain volume at the Thompson Farm. 
The percentage frequency distribution of pH for the TF, TFC and TFD at the 
Thompson Farm are plotted in Figure 4.12. The result of the frequency distribution 
showed that about 66.7 % of the TF2 samples at the Thompson Farm had a pH less 
than 5.0, 20 % of the total TF2 had a pH value less than 5.6 and about 13.3 % of TF2 
samples had a pH above 5.6. The TFC and TFD results, on the other hand, showed 
79.3 % and 26.7 % of TFC and TFD samples had pH values less than 5.0, 13.8 % 
and 43.3 % of TFC and TFD samples had pH values less than 5.6, and about 6.9 % 
and 30 % of TFC and TFD samples had a pH above 5.6. These results indicated that 
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Figure 4.12: pH frequency distribution of TF2-TFC-TFD at Thompson Farm. 
More than 50 % of TF2-TFC-TFD samples at the Thompson Farm had pH 
values less than 5.6, which is the pH value of unpolluted rainfall at equilibrium with 
atmospheric conditions. The samples with pH values above 5.6 might suggest a 
quantity of input of alkaline species in to the precipitation in the studied area. 
4.3.2 Electrical conductivity of TF2, TFC and TFD 
The electrical conductivity of rainfall and throughfall can mainly be attributed 
to the total soluble ionic composition, and the low electrical conductivity values in 
rainfall and throughfall indicate the improved atmospheric environmental quality in 
the studied area. 
As can be seen in Table 4.4, the electrical conductivity of rainfall (TF2) 
samples at the Thompson Farm were range from 5 to 21 pS cm"1, with a mean of 
11.9 pS cm"1 and with a standard deviation of 5.1 pS cm"1. In comparison, the range 
mean and standard deviation of electrical conductivity values of TFC and TFD 
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Figure 4.13: pH and Electrical Conductivity (EC) (in jiS cm"1), of TF2, TFC and TFD during the 
study period. 
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The relationship between the TF2, TFC and TFD quantity and the value of the 
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Figure 4.14: The relationship of EC (nS cm"1) with TF2 volume (mm) at the Thompson Farm. 
Samples 
Figure 4.15: The relationship of EC (|iS cm"') with TFC volume (mm) at the Thompson Farm. 
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Figure 4.16: The relationship of EC (nS cm"1) with TFD volume (mm) at the Thompson Farm. 
The percent frequency distribution of the electrical conductivity of TF2, TFC 
and TFD samples at the Thompson Farm are plotted in Figure 4.17. The frequency of 
electrical conductivity TF2 samples at the Thompson Farm had about 66.7 % (5-19 
(jS cm-1), 33.3 % (20-39 |jS cm"1). Whereas, the frequency of electrical conductivity 
TFC samples at the Thompson Farm had about 40 % (5-19 pS cm"1), 60 % (20-39 
pS cm"1) and TFD samples had about 48 % (5-19 pS cm-1), 40 % (20-39 pS cm"1) 
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Figure 4.17: EC frequency distribution of TF2, TFC and TFD rain samples at the Thompson Farm. 
The majority of the rainfall samples (90-95 %) at TF2, TFC and TFD sites showed 
conductivity between 5 and 39 |JS cm"1, as shown in Figure 4.17. 
4.3.3 Soluble Ionic Composition of Wet Precipitation 
A statistical summary of mean, standard deviation, the minimum and 
maximum pH, the electrical conductivity and major ions concentration in rainfall and 
throughfall samples is presented in Table 4.4. However, the average relative 
magnitude of ionic species concentration in TF2 at the Thompson Farm site followed 
the order of Cl~ > Na+ > NH4+-N>N03~> SO/~ > Ca2+ >K+> Mg2+ > P043~-P. The 
average relative magnitude of ionic species concentration in TFC and TFD at the 
Thompson Farm followed the order Cf"> Ca2+> K+> Na+> Mg2+> S042_> NO3- > 
NhV-N > P043~-P and K+> Mg2+>Ca2+ > CI~>Na+> S042~> N03~ P043~-P > NIV-N, 
respectively. This result indicates that marine aerosols may play an important role in 
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the wet composition of rainfall and throughfall in Thompson Farm (Appendix C, D and 
E). 
The ion concentrations showed higher dispersions around their mean values 
and this concurred with the standard deviations. In addition, the range between the 
minimum and the maximum pH, electrical conductivity and ionic species was too 
large. The ionic concentration in the rainfall samples, the electrical conductivity and 
pH presented in Table 4.4. 
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Table 4.4: Mean, standard deviation, minimum and maximum pH, Electrical Conductivity (in pS cm"1), ion concentration (in lieqP) and DOC, DON (mg/L) of 
35 samples from each collector. 
PH EC Na* K+ Ca2t Mg2+ CI" N03"-N PO43~-P scv~-s NH/-N DOC DON H+ 
MIN 3.5 5 2.79 1.28 0.14 -0.82 14.95 0.76 0.03 1.97 1.79 0.24 -0.1 12 
TF2 
MAX 7.9 21 67.86 6.91 37.29 9.05 76.72 48.82 1.24 55.85 112.2 3.84 0.23 227.6 
MEAN 4.8 11.9 18.31 2.67 4.21 2.18 38.95 14.45 0.23 11.08 16.87 1.11 0.04 59.7 
S.DEV 0.9 5.1 16.65 1.31 7.47 3.11 12.84 11 0.21 9.5 19.56 0.75 0.05 40.04 
MIN 3.7 12 2.77 9.72 11.55 4.11 18.51 3.35 -0.05 2.33 0.14 7.98 0.01 7.98 
TFC 
MAX 6.2 30 137.22 92.33 113.6 117.56 108.6 176.6 14.7 76.14 86.1 39.66 0.15 1093 
MEAN 4.7 21,5 29.08 36.83 41.06 24.87 43.54 16.8 2.49 18.28 9.47 19.16 0.04 143.5 
S.DEV 0.5 5.7 28.94 20.65 22.34 21.13 24.57 33.9 3.39 14.6 19.39 6.99 0.03 258.1 
MIN 4.2 9 4.78 4.09 6.48 4.12 12.1 2.86 0.07 2.19 0.21 3.08 0.01 5.2 
TFD 
MAX 6.9 66 71.3 614.1 202 127.57 88.3 176.6 62.44 45.3 24.05 44.34 0.11 2151 
MEAN 5.4 24.4 23.38 107.8 40.02 40.55 35.84 13.6 8.75 18.03 3.35 15.42 0.03 376.7 
S.DEV 0.66 14.8 16.05 134.9 33.2 30.42 19.34 9.5 14.49 10.5 4.98 11.9 0.02 497 
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4.4 Ion balance 
All samples were evaluated for ion balance using the formula: 
[Na+]+[Mg2+]+[Ca2*]+[K+]+[NH41+[H+] 
[Cr]+[N03"]+[S042~]+[P04l+[(D0C)mg/L]*4 
where all units are mg/L unless specified. Multipliers for DOC charge was used as in 
Kahl et al. (1989). The EPA acceptability range was +/- 20 % or the data are 
reevaluated and/or samples re-analyzed (Peck, 1992). A total of 35 rainfall and 
throughfall samples were collected from TF2, TFC and TFD sites from April 2009 to 
November 2009. The anions (CI", N03", P04~ and SO42" including DOC) and cations 
(H+, Na+, K+, Mg2+, NH4\ Ca2+) of the rainfall and throughfall samples collected from 
the Thompson Farm station is given Figures 4.18, 4.19 and 4.20 (Appendix I). Here 
the results indicated an acceptable data quality by giving a value of 0.62 (TF2), 0.59 
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Figure 4.18: The relationship between the sum of cations (H*+NH«*+Na*+ K*+Mg2*+ Ca2*) and 
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Figure 4.19: The relationship between the sum of cations (H*+NH,*+Na*+ K*+Mg2*+ Ca2*) and 
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Figure 4.20: The relationship between the sum of cations (H*+NH4*+Na*+ K*+Mg2*+ Ca2*) and 
anions (Cl"+ NOj"+ SO„2~+ P043" including DOC) for TFD at the Thompson Farm. 
Zhang et al (2000) reported that the acceptable range of the concentration ratio of 
measured cations (£+) to anions (£-) in rainwater samples should be within the 
range of 1 ±0.25. In this study, the observed ratio of cations to anions of rainwater 
samples at the TF2, TFC and TFD sites 1.01, 1 and 1.08, respectively (Table 4.5). In 
addition, a strong relationship was obtained between the sum total of anions 
concentration and the sum of cations according to the quality criteria at TFC, TFD 
and TF2 site (Figure 4.20). 
Table 4.5: The ratio of the sum total of cations concentration to the sum total of anions 
concentrations at the Thompson Farm during the study period. 
(I+) (I-) Ratio 
TF2 1379.1 2135.6 0.66 
TFC 4702.2 4853.1 0.97 
TFD 7050.6 4187.1 1.6 
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4.4.1 Concentration of Anions and Cations for TF2 
The mean, standard deviations and minimum and maximum concentrations of 
main chemical composition are summarized in Table 4.4. The total mean 
measurements of anions (CI", N03", P043", and SO42" including DOC ) at the 
Thompson Farm were found 111.72 (jeql-1, while the total mean measurement of 
cations (H+, NH„*, Na+, K+, Mg2+ and Ca2+) were 116.76 fjeql"1 (Appendix C and F). 
As can be seen from Table 4.4 regarding the cations, Na+ showed the 
greatest concentrations, while CI" had the maximum concentration from the anions. 
The Na+ concentration in the TF2 rain samples at the Thompson Farm ranged from 
2.79 to 67.86 peqP with mean of 18.31 peqP and a standard deviation of 16.65 
peqP. In addition, the CI" concentration in TF2 rain samples at the Thompson Farm 
ranged from 14.95 to 76.72 jjeql-1 with a mean of 38.95 peqP and a standard 
deviation of 12.84 peql"1. 
However, the high concentration of Na+ and CI" concentration in the TF2 rain 
samples at the Thompson Farm was mostly caused by sea salt. The ratio of the total 
average concentration of CI" to that of Na* in the Thompson Farm was found to be 
2.1. 
Moreover, the mean, standard deviation and range of Mg2+ concentration in 
TF2 rain samples at the Thompson Farm was found to be 2.18 peql"1, 3.11 |jeql"1 
and -0.82 to 9.05 peqP, respectively. The ratio of the mean concentration of Mg2+ to 
Na+ at the Thompson Farm was found to be 0.12, which is very close to the seawater 
ratio (0.227) and indicates that Mg2+ and Na+ originate from the marine origin source. 
On the other hand, the ration of the mean concentration of CI" to that of Na+ 
plus Mg2+ at the Thompson Farm was found to be 1.83, which is not close to the 
seawater ratio (0.95). 
As shown in Table 4.4, the Ca2+ concentration in the TF2 rain samples at the 
Thompson Farm range from 0.14 to 37.29 peqP with mean of 4.21 peqP and a 
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standard deviation 7.47 peqP. As shown in Table 4,4, the mean, standard deviation 
and range of K+ concentration in the TF2 rain samples collected from Thompson 
Farm was found to be 2.67, 1.31 and 1.28-6.91 peqP, respectively. As presented in 
Table 4.4, the mean, standard deviation and range of N03" concentration in TF2 rain 
samples collected from Thompson Farm was 14.45, 11 and 0.76-48.82 (jeqi-1, 
respectively. Table 4.4 further indicates the mean, standard deviation and range of 
SCU2" concentration in TF2 rain samples at the Thompson Farm, which were found to 
be 11.08, 9.5 and 1.97 to 55.85 |jeqP, respectively. 
The ratio of SO42"/ N03" in precipitation is used to evaluate the relative 
contribution of H2S04 and HN03 to the rainfall acidity (Takahashi and Fujita, 2000). 
The mean ratio of SO42"/ N03~ in the TF2 rain samples collected from Thompson 
Farm was found to be 0.77. 
4.4.2 Concentration of Anions and Cations for TFC & TFD 
The mean, standard deviations and minimum and maximum concentration of 
main chemical composition are summarized in Table 4.4. The total mean 
measurements of anions in TFC and TFD (CI", N03", P043", and SO^ including 
DOC ) at the Thompson Farm were found to be 246.65 and 184.8 peqP, 
respectively, while the total mean measurement of cations (H*, NhV, Na+, K+, Mg2+ 
and Ca2+) were 285.9 and 601.99 MeqP, respectively (Appendix D, E, G and H). 
The Na+ concentration in the TFC rain samples at the Thompson Farm ranged from 
2.77 to 137.28 |jeqP with mean of 29.09 Meql-1 and a standard deviation of 28.95 
[jeqP, whereas at the TFD site, the Na* concentration ranged from 4.78 to 334.5 
^ieqP and the mean and standard deviation were found to be 33.11 and 57.22 |jeqP, 
respectively. In addition, the CI" concentration in TFC and TFD rain samples at the 
Thompson Farm ranged from 18.51-553.97 and 12.13-322.4 peqP with a mean of 
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61.02 and 49.18 peqP and a standard deviation of 94.64 and 62.37 jjeqP, 
respectively. 
However, the concentration of Na* and CI" concentration in the rainfall 
samples was mostly caused by sea salt. Sea sat and non-sea salt fractions of Ca2\ 
K+, Mg2+, CI" and SO-,*" were calculated for each sample using Na+ as the sea salt 
tracer, which proved to be more appropriate than Mg2+ using the method of Keene et 
al. (1986). This calculation was based on the assumption that Na+ was derived solely 
from sea salt aerosols, and that the other ions vere not fractionated during aerosol 
formation, transport, or scavenging (Keene et al., 1986). The ratio of the total 
average concentration of CI" to that of Na+ in the TFC and TFD were found to be 2.1 
and 1.49 (jeql-1, respectively. These two values are close to the ratio of seawater 
(1.16), especially the ratio in the TFD site at the Thompson Farm. It has been widely 
reported that sea salt sources account for a significant part of the observed CI" and 
Na+ concentration in rainfall samples collected at marine sites (Turicel et al., 1989; 
Vong, 1990; Sakihama et al., 2008). 
Moreover, the mean, standard deviation and range of Mg2+ concentration in 
the TFC and TFD rain samples at the Thompson Farm were found to be 24.86 and 
40.56 jjeqP, 21.12 and 30.42 peqP and 4.11-117.54 and 5.76-127.85 peqP, 
respectively. The ratio of the mean concentration of Mg2+ to Na+ in the TFC and TFD 
were found to be 0.85 and 1.23 respectively, which is not close to the seawater ratio 
(0.227). 
Some excess magnesium might result from crustal material. This is consistent 
with the research of Das et al., (2005) which indicates that Mg2+ was dominated by 
crustal sources at stations far from the sea, and at sampling site close the sea was 
dominated by marine sources. 
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On the other hand, the ratio of the mean concentration of CI" to that of Na+ 
plus Mg2+ in the TFC and TFD site at the Thompson Farm were found 1.13 and 0.67, 
respectively, which is very closed to the seawater ratio (0.95). These results 
therefore indicated that sea aerosol had a direct effect on the concentration of CI", 
Na+ and Mg2+ in the rainwater samples in the two sites, but the effect of sea-spray on 
the TFC was higher than in the TFD site. 
In the case of K+ concentration in the TFC and TFD samples, the results 
showed an opposite of Ca2+ concentration, where K+ concentration in the TFD 
samples was higher than in the TFC site at the Thompson Farm. Commonly, the 
primary source of K+ is likely to derive from crustal origin in terms of soil and road 
dust. 
4.4.3 Main chemical composition of rainfall and throughfall 
The relative percentage contribution of the different anions and cations to the 
total ionic content at the TF2, TFC and TFD were calculated from the mean 
composition at Thompson Farm, and plotted in Figures 4.21, 4.22 and 4.23. 
Figure 4.21 demonstrates that the relative percentage of the three major 
components (CI", Mg2+, SO42") for TF2 site at the Thompson Farm came to 47 % of 
the total amount of ions (CI": 33 %, Mg2*: 4 %, SO42": 10 %). The concentrations of 
the remainder of the ions were as follows in Figure 4.21. 
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Figure 4.22: Relative distribution of ions as a percentage of the total ions in TFC at Thompson 
Farm. 
As illustrated in Figure 4.22, the relative percentage of the ionic composition 
of the TFC samples collected at Thompson Farm. The amounts of CI", Na+, K+ and 
SO42" constituted 18 %, 12 %, 16 % and 8 %, respectively to the total amount of ions 
at TFC, and these four ions together accounted for 54 % of the total ionic content. 
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However, the remainder of the ions (Ca2+, Mg2\ N03~ P043", NH4+) together 
accounted for 39 %. 
As showed in Figure 4.23, the relative percentage of the ionic composition of 
the TFD samples collected at Thompson Farm. The amounts of K+, CI" and Mg2+ 
constituted 36 %, 12 % and 14 %, respectively to the total amount of ions at TFD, 
and these three ions together accounted for 62 % of the total ionic content. However, 
the remainder of the ions (Ca2+, Na+, S042", N03", NH4+, P043~) together accounted 
















Figure 4.23: Relative distribution of ions as a percentage of the total ions in TFD at Thompson 
Farm. 
4.5 Monthly Variation and Comparison between the TF2, TFC and TFD 
While the previous sections in this chapter focused on a discussion about the 
mean physicochemical parameters of TF2, TFC and TFD samples, the discussion 
that follows will focus mainly on the monthly variations of pH, electrical conductivity, 
cations and anions concentrations in the TF2, TFC and TFD samples. 
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4.5.1 Variation and comparison of pH 
The variation of the mean of the pH of TF2, TFC and TFD rain samples 
collected from the Thompson Farm site is presented in Figure 4.24. The result 
showed that the pH values of TF2 fluctuated from month to month. The TF2 rain 
samples at the Thompson Farm site had acidic pH (<5.6) for a period of 8 months 
and had not pH<5.6 during the 8 months research time. The minimum monthly pH 
value was observed in June 2009, with a value of 3.5, whereas, the maximum 
monthly pH value was found to be in July 2009, with a value of 7.9, and this 
coincided with the maximum value of CI" with 76.72 ^eql"1. On the other hand, the 
monthly variation in the TFC site at the Thompson Farm showed that 7 months had a 
pH (pH< 5.6) and the remaining one month had pH>5.6. The highest monthly pH was 
measured in July 2009, with a value of 6.2, this being associated with the highest 
monthly value of CI" (108.6 peql"1) and the lowest monthly pH was recorded in June 
2009, with a value of 3.7. Otherwise, the monthly variation in the TFD at the 
Thompson Farm showed that 6 months had a pH<5.6 and the remaining 2 months 
had pH>5.6. The highest monthly pH was measured in August 2009, with a value of 
6.9, this being associated with the highest monthly value of K+ (614.07 peqP) and 
the lowest monthly pH vas recorded June 2009, with a value of 4.2. The above result 
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Figure 4.24: Monthly average variation of pH in TF2, TFC and TFD at the Thompson Farm. 
As can be seen from Figure 4.24 a comparison between the TFC and TFD 
sites showed that 7 months of rain samples in the TFD site had a higher pH than the 
TFC site. One month of comparison between TFC and TFD sites demonstrated that 
the TFC site had a higher pH value than TFD site. 
4.5.2 Variation and comparison of electrical conductivity 
Electric conductivity is a parameter which characterizes the amount of 
dissolved and dissociated ions in rainfall and throughfall and hence the monthly 
average distribution of the electrical conductivity of TF2, TFC and TFD rain collected 
from the Thompson Farm is presented in Figure 4.25. This indicates that very high 
values were recorded in May 2009 and July 2009, these being 21 pS cm"1 for TF2, 
and the lowest values measured in October 2009, 5 cm"1. On the other hand, 
Figure 4.25 showed that very high values were recorded in April 2009, 2009 and 
June 2009, these being 30 and 66 pS cm"1, respectively for TFC and TFD, and the 
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lowest values were measured in July 2009 and May 2009, these being 12 and 9 |JS 
cm*1, respectively. 
Figure 4.25: Monthly average variation of EC in wet precipitation at the Thompson Farm. 
As can be seen from Figure 4.25, the comparison of the electrical conductivity 
between TFC, TFD and TF2 sites demonstrated that the electrical conductivity of 
TFC samples was higher than rainfall (TF2) samples for 8 months, while the 
electrical conductivity of TFD samples was higher than TF2 samples for 7 months. 
This might be due to the ion concentration in the throughfall samples being higher 
than rainfall samples at the Thompson Farm especially sea salt. 
4.5.3 Variation and comparison of cations 
The cation concentration in rainfall and throughfall samples vary from site to 
site and from one origin to another due to differences of the local sources and 








between the rainfall and throughfall sites over the period of this study are presented 
as follows. 
4.5.3.1 Na+ and Mg2+ 
The mean monthly variation of Na+ and Mg2+ concentration in rainfall and 
throughfall samples at the Thompson Farm site over the 8-month period is presented 
in Figure 4.26 and 4.27, respectively. The results showed that the distribution of Na+ 
and Mg2+ concentration in rainfall and throughfall samples were similar. As shown in 
Figure 4.25, maximum of Na+ concentration (67.8 (Jeql-1) in the TF2 rain samples 
was recorded in November 2009 and a minimum concentration (7.7peqP) was 
recorded in August 2009. On the other hand, maximum of Na+ concentration (74.3 
and 53.5 Meql"1) in the TFC and TFD rain samples were recorded in November 2009, 
respectively, and a minimum concentration (10.6 and 8.6 |Jeql"1) were recorded in 
July 2009 and August 2009, respectively. However, a comparison between the 
rainfall and throughfall samples indicated that the throughfall samples had a higher 
Na+ concentration than the rainfall samples over 6 months, while the rest of the 



















Figure 4.26: Mean monthly concentration of Na+ in TF2, TFC and TFD at the Thompson Farm. 
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Figure 4.27: Mean monthly concentration of Mg1* in TF2, TFC and TFD at the Thompson Farm. 
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As can be seen from Figure 4.27, the maximum concentration of Mg2+ in the 
rainfall (TF2) and throughfall (TFC-TFD) at the Thompson Farm site were 7.4, 32.1 
and 99.6 yeqP, respectively, these being measured in November. The minimum 
concentration was 0.3, 12.2 and 4.9 Meql"1, measured in August, April 2009, 
respectively. On the other hand, comparison of Mg2+ concentration between the 
rainfall and throughfall sites showed that there was a higher Mg2+ concentration in the 














y = 0.7117x+17.823 ^ 
R2 - 0.1584 
• I > < 





y = 0.7289x+ 11.177 












y = 4.6841x+30.939 




2.4555x + 16.864 
R2 = 0.2966 
6 7 8 9 
TFC 
TFD 
- Linear (TFC) 
- Linear (TFD) 
10 
Figure 4.28: Sodium (Na*) and Magnesium (Mg2*) concentration (in peql""1) of TF2, TFC and TFD 
during the study period. 
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4.5.3.2 K+ and Ca*+ 
The mean monthly K+ and Ca2+ concentration in the rainfall and throughfall 
samples collected from the Thompson Farm station are illustrated Figure 4.29 and 
4.30 respectively. As can be seen from Figure 4.29, the shape of the mean monthly 
distribution of K+ in TFC and TFD sites was similar, but during the study period the K* 
concentration of throughfall was higher than rainfall concentration. However, the 
mean monthly distribution of K+ in TFD site was higher concentration than TFC and 
TF2 site. The result of the TF2, TFC and TFD at the Thompson Farm showed that 
the maximum concentration of K+ were 5.1, 92.3 and 219.6 jjeql-1, respectively, 
(these being recorded in November and June 2009, respectively), while the minimum 
concentration (measured in April 2009) were 1.3,14.4 and 5.2neqP, respectively. 
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Figure 4.29: Mean Monthly concentration of K* in the TF2, TFC and TFD at the Thompson Farm. 
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Figure 4.30: Mean monthly concentration of Ca" in the TF2, TFC and TFD at the Thompson Farm. 
As illustrated in Figure 4.30 Ca2+ concentration of rainfall and throughfall were 
comparable over 8 months in Thompson Farm. The shape of the mean monthly 
distribution of Ca2+ in TF2 was similar of the K+ concentration. Where over 5 months 
Ca2+ concentration in TFC samples were higher than whose from the TFD site, for 
the remaining months, Ca2* concentration in the TFD site were higher than at the 
TFC site. Furthermore, the TF2, TFC and TFD sites had the highest Ca2+ 
concentration in June, September and August 2009, respectively,(these being 7.4, 
61.1 and 61.8 peqP, respectively), with the lowest Ca2+ concentration in November 
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Figure 4.31: Potassium (K*) and Calsium (Ca**) concentration (in peqP), of TF2, TFC and TFD 
during the study period. 
4.5.4 Variation and Comparison of Anions 
The variations of anion (CI", N03"-N and SO^-S) concentration in rainfall and 
throughfall samples also fluctuated from month to month. The variations in the 
monthly mean concentration of anions in the rainfall and throguhfall samples and a 




The variation in the monthly mean concentration of CI" in the rainfall and 
throughfall samples collected from the Thompson Farm site is presented in Figure 
4.30. Nevertheless, for the majority of months, the variation of CI" concentration in 
TF2, TFC and TFD sites were similar. The monthly mean concentration of CI" was 
very high in the TF2 site in September 2009 (54.2 peql"1), while the lowest values 
was recorded in October 2009 (29.7 peqP). 
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Figure 4.32: Mean monthly concentration of Cl~ in the TF2, TFC and TFD at the Thompson Farm. 
A comparison of CI" concentrations between the TFC and TFD sites indicated that 
over 6 months the CI" concentration in TFC samples was higher than TFD samples 
at the Thompson Farm. Moreover, the monthly mean concentration of CI" was very 
high at the TFC and TFD in November and September 2009 (108.6 and 88.3 peql"1, 
respectively), while the lowest values were recorded in June and August 2009 (28.1 
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Figure 4.33: Chloride concentration (in peqf1), of TF2, TFC and TFD during the study period. 
4.5.4.2 N03"-N and S042"-S 
The mean monthly variation of anthropogenic ions N03"-N and SO^S in the 
rainfall and throughfall samples illustrated in Figure 4.34 and 4.35 and a difference 
was observed from one month to the next. 
As can be observed from Figure 4.34, the comparison between the TF2, TFC 
and TFD sites showed that the N03"-N concentration in rainfall and throughfall 
samples had a similar variation for the majority of months for most of the research 
period. Additionally, the TF2, TFC and TFD sites had the maximum concentrations of 
N03"-N (22 |jeql"1 in October, 71.8 peql"1 in May and 40 peql-1 in July 2009, 
respectively), while minimum concentration of (8.6 peqP in November, 7.1 (jeqP in 
September and 7.9 (jeqP in September 2009, respectively. 
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Figure 4.34: Mean monthly concentration of NOj'-N in the TF2, TFC and TFD at the Thompson 
Farm. 
Figure 4.35: Mean monthly concentration of SCV in the TF2, TFC and TFD at the Thompson 
Farm. 
As illustrated in Figure 4.35, the variation in the monthly mean of S042"-S 
concentration in the TF2, TFC and TFD rain samples at the Thompson Farm showed 
the maximum concentration 13.3 (jeqf1 (June 2009), 37.7 jjeql"1 (May 2009) and 
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33.5 peqP (October 2009), respectively, and the minimum concentration 5.9 peql"1 
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Figure 4.36: Nitrate and Sulphate concentration (in iieqP), of TF2, TFC and TFD during the study 
period. 
4.6 Variability in throughfall concentrations 
Throughfall and rainfall samples were collected 8 months in 2009 (Figure 4.37, 4.38 
and 4.39). Concentrations were generally higher in throughfall than precipitation. 
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Exceptionally, Na* concentrations were higher in throughfall than precipitation during 
the study period. 
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Throughfall (TFC- TFD) concentration of chemical variables varied by monthly (Table 
4.6 and Table 4.7). As can be seen Table 4.6 show that concentration of S(V-S, 
Ca2+, N03"-N and NH/-N were greatest in May 2009 (37.7, 71.8 and 28.92 (jeql-1, 
respectively), while concentration of Cl~, Na+, K+, and pH were greatest in November 
2009 (108.6, 74.3, 92.3, jjeql-1 and 5.9, respectively), and concentration of Mg2+ and 
PO*3- were greatest in September 2009 (61.1 and 10.4 peql"1, respectively) for TFC 
samples. 
Table 4.6: Mean for 30 throughfall (TFC) collection made April 2009 to November 2009 at the 
Thompson Farm. Units are (peqP). 
TFC 
Concentration April May June July August Sep Oct Nov 
so4r-s 19.4 37.7 14.6 23.2 11.5 12.3 14.6 13.8 
cr 42.3 60.6 28.1 29.4 39.3 84.8 51.9 108.6 
Na+ 33.7 41.5 14.7 10.6 29 27.2 35.2 74.3 
Ca2+ 19 59.1 36 44 39.5 61.1 39.3 22.9 
Mg2+ 12.2 28.8 17.4 25.8 14.2 20.2 23.5 32.1 
K+ 14.4 46.4 34.8 33.4 28.9 50 41.3 92.3 
z
 1 1 CO 0 z 10.6 71.8 8 12.1 9.6 7.1 7.9 
NH4+-N 7.34 28.9 7.96 3.51 18.2 4.08 4.46 2.1 
P04*" 0.2 4.9 2 1.3 0.8 10.4 4.2 1.4 
PH 4.3 4.5 4.4 4.9 4.9 4.8 4.5 5.9 
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As can be seen Table 4.7, concentration of S042"-S and PCV~- P had a maximum 
concentration in October 2009 (33.5 and 34.8 (jeqH, respectively, CI" had a 
maximum concentration in September (88.3 Meql"1), Mg2+ and Na* had a maximum 
concentration in November 2009 (99.6, 53.5 peqP respectively) Ca2* had a 
maximum concentration in August 2009 (61.8|jeqP) while the maximum 
concentration of K+ in June 2009 (219.6 Meq'"1)-
Table 4.7: Mean for 30 Throughfall (TFD) collection made April 2009 to November 2009 at the 
Thompson Farm. Units are (jieql-1). 
TFD 
Concentration April May June July August Sept Oct Nov 
so^-s 13.8 15.1 17.6 16.9 12.8 10.9 33.5 19.4 
cr 27.6 38.8 25.5 27.4 22.6 88.3 58.7 77.9 
Na+ 22.8 21.3 15.4 14.2 8.6 26.7 28.9 53.5 
Ca2+ 9.5 35.7 29.2 35.6 61. 8 57.9 54 34.9 
Mg2+ 4.9 23.3 44.4 21 17 23.7 87.7 99.6 
K+ 5.2 38.5 219.6 54.9 29.7 56.8 197.6 162 
N03"-N 14.3 40 9.1 11.6 15.4 - 7.9 -






0.4 2.1 11.5 1 0.8 6.7 34.8 25.4 
PH 4.4 4.8 5.3 5.9 5.6 5.7 5.4 5.4 
4.7 S042~-S I cr 
Ratios of S042"-S:CI least in November and greatest in June (Figure 4.40) in the TF2 
rain samples. The mean ratios for each month were as following: April, 0.33; May, 





Figure 4.40: The ratio of sulfate to chloride (SO.*": CI") in monthly rainfall (TF2) samples at the 
Thompson Farm. 
Ratios of SO42": CI" least in November and greatest in July (Figure 4.41) in the TFC 
rain samples. The mean ratios for each month were as following: April, 0.46; May, 





0.8 in 0.2 0.1 0 • so..J~-s/cr 
Months 
103 
Figure 4.41: The ratio of sulfate to chloride (S(V: CI") in monthly rainfall (TFC) samples at the 
Thompson Farm. 
Ratios of SCV": CI" least in September and greatest in June (Figure 4.42) in the TFD 
rain samples. The mean ratios for each month were as following: April, 0.5; May, -
.39; June, 0.69; July, 0.62; August, 0.57; September, 0.12 October, 0.57 and 
November, 0.25. 
Months 
Figure 4.42: The ratio of sulfate to chloride (SO,1": CI") in monthly rainfall (TFD) samples at the 
Thompson Farm. 
4.8 Throughfall nutrient inputs 
The average concentrations (peql"1) of nutrients in the throughfall from different 
forest stand and in rainfall are shown in Table 4.8. 
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Table 4.8: Total concentration of various nutrients in the throughfall and rainfall at the 
Thompson Farm 
Concentration of Nutrients (Meql-1) 
Sites NO3~-N NlV-N K+ Ca2+ Mg2+ Rain (mm) 
TFC 420.4 312.5 1215.3 1354.9 820.6 523.13 
TFD 230.7 2110.5 3557.3 1320.7 1338.3 480.85 
TF2 462.3 539.9 85.5 117.9 67.5 604.37 
As can be seen Table 4.8, TFC site exhibited the highest rainfall N03" concentration. 
For K+, Ca2+ and Mg2+, throughfall concentrations had greatest in the TFD samples. 
The results can be compared with nutrient inputs from throughfall under various 
forest stands and open atmosphere (precipitation). The nutrient inputs by TFC for 
N03", NH4+, K\ Ca2+ and Mg2+ were 420.4, 312.5, 1215.3, 1354.9 and 820.6 fjeql"1, 
respectively. The nutrient inputs by TFD for N03", NH4+, K+, Ca2+ and Mg2* were 
230.7, 539.9, 85.5, 117.9 and 67.5 |jeqI-1, respectively. 
4.9 Comparison between sites: TF2, TFC and TFD 
Data from all three were compared by sampling period. The mean concentrations 
over the period for which all sample types overlapped were similar for all of the 















Figure 4.43; Mean concentration of major ions in throughfall and rainfall samples for April-
November 2009. Error bars denote the standard error. 
4.10 Ammonium (NH4 - N) and Phosphate Concentration 
The mean monthly variation of NH4+- N in the rainfall and throughfall samples 
illustrated in Figure 4,44 and a difference was observed from one month to the next. 
As can be observed from Figure 4.45, the comparison between the TF2, TFC 
and TFD sites showed that the NH4+- N concentration in rainfall and throughfall 
samples had a similar variation for the majority of months for most of the research 
period. Additionally, the TF2, TFC and TFD sites had the maximum concentrations of 
NH4* - N (23.21 peqP) in June, (28.92 Meq'~1) in May and (11.84 Meq'-1) in April 2009 
respectively, while minimum concentration of NH4+- N (4, 2.14 and 0.87 MeqP), 
respectively, being measured in November (TF2 and TFC) and in October (TFD), 
respectively. 
On the other hand, the NH4+- N concentration in the TF2 rain samples at the 
Thompson Farm mean of 16.87 peqP and a standard deviation 19.56 peqP. 
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Additionally, the NH4* concentration in the TFC and TFD rain samples at the 
Thompson Farm mean of 9.47 and 3.35 (jeqi-1, and a standard deviation 19.39 and 
4.98 peqP, respectively (Table 4.9). 
Table 4.9: Minimum, maximum, mean and standard deviation of concentration NH«*- N in the 
Thompson Farm. 
MIN MAX MEAN S.D 
TF2 1.79 112.2 16.87 19.56 
TFC 0.14 86.1 9.47 19.39 
TFD 0.21 24.05 3.35 4.98 
nh4+ 
Y= 1.1039X-3.9288 





y = 0.3867x- 1.5631 













y= -8.6505x+ 11.284 
= 0.0138 
y = -1.8664x+ 2.9841 




• Linear (TFC) 
- Linear (TFD) 
TF2 




















Figure 4.45: Mean monthly concentration of NH«*- N in the TF2, TFC and TFD at the Thompson 
Farm. 
4.11 Dissolved Organic Nitrogen (DON) and Dissolved Organic Carbon 
(DOC) 
The forest canopy generally had the most impact on throughfall chemistry during 
the active growing season as compared with the dormant season. Although, DON 
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concentration in throughfall of coniferous forest stand was higher than deciduous 
forest stand. DON mean concentration was not detectably different from the 
concentrations in throughfall and rainfall during the study period (Table 4.10). 
Table 4.10: Mean monthly Dissolved Organic Carbon (DOC) and Dissolved Organic Nitrogen 
(DON) concentration during the 8 months study period at the Thompson Farm. Units are (mg/L). 
TF2 TFC TFD 
MONTHS DON DOC DON DOC DON DOC 
April 0.05 0.55 0.04 11.62 0.04 3.52 
May 0.05 0.86 0.05 24.47 0.05 23.89 
June 0.05 1.24 0.04 20.57 0.03 18.68 
July 0.02 1.44 0.03 17.94 0.02 12.23 
August 0.03 1.35 0.06 15.14 0.02 7.93 
September 0.03 0.78 0.03 26.99 0.02 10.16 
October 0.04 0.72 0.03 18.6 0.02 25.96 
November 0.02 0.8 0.01 19.64 0.01 11.43 
Morphological differences between conifer and deciduous species (e.g., 
crown form, leaf shape) often result in differences in throughfall and rainfall chemistry 
by stand type (De Schrijver et at., 2007; Henderson et al., 1997; Michalzik et ai, 
2001; Verry and Timmons, 1997). 
The DON concentration in the TFC stand was higher than TFD stand during 
the study period. The DON and DOC concentrations of TF2 samples at the 
Thompson Farm were range from -0.1 to 0.23 mg/L and 0.24to 3.84 mg/L 
respectively. In comparison, the range of DON and DOC concentrations of TFC and 
TFD samples were as follows: 0.01 to 0.15 mg/L, 7.98 to 39.66 mg/L and 0.01 to 
0.11 mg/L, 3.08 to 44.34 mg/ L, respectively (Appendix J). 
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The relationship between the DON and DOC concentrations of TF2, TFC and 
TFD sites at the Thompson Farm are presented in Figure 4.46. 
doc 
y= 1.7118x+ 17.045 
• R2 = 0.0343 
y=0.6421x+ 14.976 • 
• R2 = 0.0016 
• ••A 











o |Z 0.06 
don 
y=0.0677x + 0.0322 





y = 0.036x+0.0258 
R2 = 0.0065 
0.05 0.1 0.15 
TF2 
0.2 0.25 
Figure 4.46: Dissolved Organic Carbon (DOC) and Dissolved Organic Nitrogen (DON) (mg/L) 
concentration of TF2, TFC and TFD during the study period. 
The relationship between concentration of DON and DOC with rainfall and throughfall 




Figure 4.47: The relationship of DOC and DON concentration in precipitation with TF2 volume at 





Figure 4.48: The relationship of DOC and DON concentration in coniferous throughfail with TFC 
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Figure 4.49: The relationship of DOC and DON concentration in deciduous throughfall with TFD 
volume at the Thompson Farm. 
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5 Discussion 
Precipitation and Throughfall 
The partitioning of precipitation measured during eight months under a coniferous, 
deciduous trees and open atmosphere (Table 5.1) correspond well with previous 
research. According to the review of Augusto et al. (2002), precipitation interception 
by deciduous trees averages 22 % Europe with a standard deviation of 5%, while 
Peck and Mayer (1996) reported interception values of 5 to 48% of precipitation for 
deciduous stand, with an average value of 20%. 
The deposition of acidic substances is a result of the increasing man-made 
emissions of pollutants into the atmosphere, mainly SO2 and NOx these being 
proportional to the temperature: when the temperature increased, the oxidization in 
the atmosphere also increased by a complex series of reactions to SO42" and N03" 
(Zhang et al., 2007). 
Nevertheless, Forgeard et al., (1980) did not find evidence for a relationship between 
interception loss and deciduous phenology, and suggested that the high intensity of 
rain events in summer might have compensated the possible increase in interception 
due to the presence. 
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Table 5.1: Partitioning of precipitation into throughfall, stemflow and evaporation of intercepted water from 14 April to 14 November 2009. 
Precipitation Throughfall (TFC) SF+I Throughfall (TFD) SF+I 
Measurement Period (mm) (%) (mm) (%) (mm) (%) (mm) (%) (mm) (%) 
April 38.8 100 25.87 84.1 5 15.9 29.73 95.5 1.4 4.5 
May 65.4 100 42.53 67.7 22.2 36.3 49.05 80.9 11.7 19.1 
June 146.3 100 140.55 81.2 33.3 18.8 112.89 64.8 62.4 35.2 
July 132.9 100 67.78 84.8 11.8 15.2 59.36 66.3 26.1 33.7 
August 147.1 100 131.21 89.1 10.5 10.9 109.7 79.3 19.9 20.7 
September 53.9 100 37.72 86.3 13.2 13.7 32.24 69.6 29.2 30.4 
October 91,7 100 66.69 78.4 18.8 21.6 64.99 75.1 21.7 24.9 
November 22.9 100 10.78 55.1 8.9 44.9 21.89 
Total study period 699 100 523.13 81 122.7 19 480.85 73.8 170.1 26.2 
115 
Although many variables may affect the amount of throughfall at the individual 
rain event level, the observed water fluxes were principally explained by the net 
rainfall input. Similar relationship between precipitation and throughfall amounts have 
been reported for different forest types (Neal et al., 1993; Bellot and Escarre, 1998; 
Marin et al., 2000; Xiao et al., 2000; Huber and Iroume, 2001). 
Free throughfall and canopy drip were lower in the leafed season than in the 
leafless season because the gap fraction is lower in foliated conditions and the 
surface area from which intercepted rainfall water can evaporate is larger (Rutter et 
al., 1975; Link et al., 2004; Pypker et al., 2005). In addition to foliation, the different 
throughfall generation in the two periods of the year for a given rainfall amount was 
partly explained by other event characteristics. 
The partitioning of rainfall into throughfall loss is affected by rainfall 
characteristics, meteorological factors and vegetation structure. In deciduous forests, 
tree phenology alters the surface area of the forest canopy, thereby influencing 
canopy water storage and interception loss. 
The collection efficiency of a rainfall and throughfall sampler is determined by 
the disturbance of the airflow over and around the collector, height above the ground, 
evaporation of collected rainwater, in the case of a wet-only collector, the efficiency 
of the rain sensor (Stedman et al., 1990). In general, wet-only devices are reported to 
collect less precipitation than other samplers, which is commonly attributed to their 
higher aerodynamic blockage. In the United Kingdom, for example, the collection 
efficiency of nine wet-only collectors relative to bulk collectors ranged from 71 to 92% 
and generally decreased with increasing wind speed at the site (Stedman et al., 
1990). 
Elevated collectors may underestimate precipitation amounts due to the 
modification of airflow around the collectors, particularly when wind speeds are high 
and raindrop size is small (Allerup et al., 1997; Crockford and Richardson, 2000). 
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Nevertheless, no significant differences were found between the total amount of 
rainfall measured above the canopy and at the adjacent field site, in agreement with 
other studies (e.g., Lloyd et a/., 1988; Loustau et a/., 1992; Abola et al., 1999). 
Throughfall pH and electrical conductivity varied significantly with canopy type 
on both a rain event basis and on a mean monthly basis. Similarly, total nutrient 
concentration by throughfall depended on canopy type. Variation in throughfall 
chemistry have been related to the ability of tree crowns to capture dry deposition, 
the chemical characteristics of dry deposition, and the frequency, intensity, duration 
and quantity of precipitation (Leiniriger and Winner 1988). The chemical composition 
of precipitation throughfall has been related to forest type (Forti and Neal 1992), 
species (Edmons et al., 1991), growing season (Neary and Gizyn, 1994), site fertility 
(Shepard and Mitchell, 1991), and temporal and spatial variability (Robson et al., 
1994). Leaf anatomy, morphology and physiology may also play a role in throughfall 
chemistry. 
Therefore, these results are comparable to the results recorded by Wei and 
Wang (2005) in which the average conductivity of rainfall samples in Jinyum 
Mountain- China was 34 pS cm"1. However, these results were notably lower than 
those obtained by Ozsoy and Saydam (2000) in the Cilician Basin (the south-eastern 
Mediterranean coast of Turkey) where the electrical conductivity was in the range of 
13-391 |JS cm"1, with a mean 51.4 cm"1. 
Reynolds et al., (1999), however, found that the mean and standard deviation 
of electrical conductivity of rainfall in south Wales were 23 and 5.4 pS cm"1, 
respectively, these being notably almost same the result of this study. 
Tsitouridou and Anatolaki (2007) found similar values of electrical conductivity 
of rainfall in north-western Greece. 
Throughfall had lower pH's than precipitation and were most acidic from the 
coniferous trees and least acidic from the deciduous trees, which confirm previous 
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reports that coniferous canopies tend to lower throughfall ph relative to both 
precipitation and throughfall from deciduous canopies (Edmonds et al., 1991, Robson 
etal, 1993). 
Concentration of Na+, K+, Ca2+, Mg2+, and CI" 
The high relationship between CI" and Na+ or Mg2* in the precipitation 
indicates a common source, i.e. marine. Ca2+ and K* had a stronger relationship in 
the samples, which confirms that both cations readily undergo deposition and mainly 
originate from the same source, i.e. soil particles (Akkoyunlu and Tayanc, 2003). 
Furthermore, suspended particular matter, rich in carbonates or bicarbonates of 
calcium, can buffer the acidity of rainfall generated by conventional sulphuric acid 
and nitric acid (Das et al., 2005). The alkaline matters mainly originate from airborne 
particles, and they act as a buffer and neutralize the acidity in rainfall. However, this 
could also be due to the reduction of anthropogenic emissions such as sulphur 
dioxide and nitrogen oxide, or the improvement in rainfall acidity may have come 
about as a result of a combination of these factors. 
As shown in Table 4.4, the Ca2+ concentration in the TFC and TFD rain 
samples at the Thompson Farm range from 11.55-113.55 peql"1 and 6.48-202 peqf1 
with mean of 41.06 peql-1 and 40.02 peqP and a standard deviation of 22.34 and 
33.2 peqP, respectively. The result showed that the Ca2+ concentration in the TFC 
rain samples site was higher than at TFD and TF2 sites. Calcium is the principal 
neutralizing agent of acidity and the main source of calcium is soil with high calcium 
carbonate content. This result is in agreement with results obtained from other sites 
(Akkoyunlu and Tayanc, 2003; Safai et al., 2004) in which it is suggested that most 
Ca2+ originates from terrestrial sources. 
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As shown in Table 4.4, the mean, standard deviation and range of K+ 
concentration in the TFC and TFD samples collected from the Thompson Farm were 
found to be 36.83 and 107.8 jjeql"1, 20.65 and 134.85 peqP, 9.72-92.33 ^eql"1 and 
4.09-614.07 peql-1, respectively. Topcu et al., (2002) investigated the chemical 
composition of rainfall in Ankara (Turkey) and found the mean of K+ concentration 9.8 
yeqP which is concurs with the result of TF2 (2.67 peqP) for this study. 
Concentration of NH4+, NO3", SCV" 
As presented in Table 4.4, the mean, standard deviation and range of N03~ 
concentration in TFC and TFD rain samples collected from the Thompson Farm were 
16.8 and 13.6 peqP, 33.9 and 9.5 peqP, and 3.35-176.6 peqP and 2.86-176.6 
peqP, respectively. The result showed that the mean concentration of N03" in the 
TFC rain samples was higher than in the TF2 and TFD site at the Thompson Farm. 
When this result is compared with that of Topcu et al., (2002), their N03" rainfall 
concentration in Ankara was mostly equal to the concentration found in this study. 
However, in comparison with that of Reynolds et al., (1999), the N03" rain 
concentration in this study was much higher than their concentration. 
N03" and SO42" are conventional acidic ions in rainfall. The relative 
contribution of these ions in the acidity of rainfall is variable. On the other hand, it has 
been widely reported that the main sources of N03~ and SO42" in rainfall are the 
gaseous emissions from fossil fuel plants (oil and coal), industry, and vehicles (Vong, 
1990). Yet, it has also been reported that sea-spray sources account for a significant 
part of the observed S(V concentrations in samples collected at marine sites (Al-
Monani et al., 1995). 
Table 4.4 further indicates the mean, standard deviation and range of SO42" 
concentration in TFC rain samples at the Thompson Farm, which found to be 18.28, 
14.6 and 2.33-76.14 |jeqP, respectively, which those of the TFD site were 18.03, 
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10.5 and 2.19-45.3 peql"1. respectively. The result therefore revealed that the 
concentration of SO42" in the TFC site was higher than in the TF2 and TFD site at the 
Thompson Farm and they concurred with the results of Topcu et al., (2002) for 
rainfall in Ankara but contrasted with the results of Reynolds et al., (1999), whose 
SOr concentration in rainfall samples was lower than the concentration found in this 
study. 
The ratio of SO^/NCV in the TF2 and TFC rain samples collected from 
Thompson Farm were found to be 0.77 and 1.39, respectively. TFD result (2.58) is 
similar to that reported by Zhang et al., (2007) who found the mean value of 
SO^/NCV ratio at Qianliyan, China (2.18). 
Rainfall concentration of NH4+ higher than throughfall NH4+ concentration. 
Although the measured rainfall NH3 concentrations were relatively high (Walker et al., 
2004), almost all NH4+ collected by wet-only samplers. 
The most pronounced differences between rainfall and throughfall were found 
for NH4+. While the optically-driven wet-only lid at the TF2 site was closed 
immediately after rain events, the electrical, resistance -driven lid at the TFC and 
TFD site remained opened for a long time after rain events. As the highest 
concentration rates of NH3~ (Cape and Leith, 2002) and particles (Ruikgrok et al., 
1997) are obtained for wet surfaces, this longer opening time probably resulted in a 
higher concentration of NH/ onto the wet-only collector after rain events. 
Mean concentration of SC^2" and N03" were almost same in rainfall and 
throughfall. Cape and Leith (2002) experimentally found that the amount of (S02) 
concentration on wet collector surfaces was closely related to the amount of NH3 
concentration. This was mainly attributed to the oxidation of dissolved S02, which 
retains dissolved NH3 as in volatile (NH4)2S04 salts as the water evaporates. Co-
deposition of SO,,2- and N03" is also suggested in the present study by the high 
relationship between the concentrations of these ions in wet-only deposition. 
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However, other SCV containing salts than (NH^SCU might be deposited onto 
collector surfaces (Cape and Leith, 2002), which explains why the measured were 
higher for SO*2" than for NH4+. Ammonium, SO/" and N03" mainly originate from 
anthropogenic sources (Tanner, 1999). The acidity of a rainwater sample is 
determined by the balance of the anions and other cations present. This is 
demonstrated by plotting pH as a function of the equivalent concentration ratio of 
(NH42"+Ca2++Mg2+): (SCV+NCV) (Figure 5.1). The calculated neutralization factors 
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Figure 5.1: Wet-only precipitation pH at the tower site (TF2) in relation to the ratio of equivalent 
(NH4*+Ca2*+Mg2*): (SO«2"+NOs") precipitation concentration. 
Sodium and Chloride 
Sodium and chloride in atmospheric deposition might be influenced by the 
relative importance of different inputs: natural marine (sea spray) and continental 
(wind borne mineral dust) sources, anthropogenic emissions, leaching of leaves or 
vegetation (Cornu et at., 1998; Stallard & Edmond 1981). A common assumption is 
that most of the chloride is from sea-spray, and that the contribution of marine ions in 
atmospheric deposition is in the same ratio as in sea water. The molar ratio Na/CI in 
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sea water is 0.86 (Broecker 1974), so this value is often used a reference in 
analyzing results. Sodium and chloride are generally considered as conservative 
elements showing only minor canopy exchange (Parker, 1983; Johnson and 
Lindberg, 1992; Draaijers et al., 1996). The net throughfall concentration of both Na* 
and CI" strongly increased during the short leaf emerged period compared to the rest 
of the fully leafed period. CI" is a high mobile anion that is readily taken up by plants 
(Marschner, 1995) but not retranslocated during senescence. CI" leaching mainly 
occurred as KCI salt. A similar increase in plant-derived chloride in throughfall during 
autumn has previously been reported for other hardwood species (Cronan and 
Reiners, 1983; Neary and Gizyn, 1994; Houle et al, 1999). After experimental CaCI2 
addition to the soil, canopy leaching of CI* increased with elevated CI" content of 
sugar maple foliage (Berger et al., 2001). The ratio of the total average concentration 
of CI" to that of Na+ in the TFC and TFD were found to be 1.4 and 1.6 peql"1, 
respectively. These two values are close to the ratio of seawater (1.17, de Vries et 
al., 2003), especially the ratio in the TFD site at the Thompson Farm. This might be 
due to deposition of MgCI2, HCI and/or NH+CI besides the dominant fraction of Na* 
and CI' aerosol. 
Potassium, Calcium and Magnesium 
Canopy leaching was the main mechanism of K+ enrichment in throughfall, in 
agreement with previous research (Parker, 1983; Houle et al., 1999b; Balestrini and 
Tagliaferri, 2001). 
Potassium is more susceptible to canopy leaching than Ca2* and Mg2+ because 
its principal function in plants is that of stomatal regulation, so that it is not bound in 
structural tissues or enzyme complexes (Marschner, 1955). While increased cation 
leaching during leaf senescence is commonly reported (Cronon and Reiners, 1983; 
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Neary and Gizyn, 1993; Houle et at., 1999b). This suggest that base cation leaching 
from senescent leaves was not only associated with release of organic anions 
(Cronan and Reiners, 1983; Balestrini and Tagliaferi, 2001), but also with uptake of 
NH4+ (Draaijers and Erisman, 1995; Chiwa et al., 2004), and the release of one or 
more of the measured anions, like CI" and SO42". The leaching of base cations as 
well as organic acids may be underestimated when insoluble salts are formed in the 
throughfall solution that cannot be measured in filtered samples (Chiwa et al., 2004). 
Furthermore, different aerodynamic properties of leaves and branches may lead to 
relatively high deposition onto leafless deciduous trees with a complex branching 
structure (Freer-Smith et al., 2004). Branchflow fluxes of K+ and Mg2+ differed 
significantly between tree species and the enrichment was higher for precipitation 
events of longer duration (Levia and Herwitz, 2002), indicating ion release from tree 
branches. Tukey (1970) also reported that stems and branches of woody plants lose 
nutrients by leaching during the season. 
5.1 Comparison of the Ionic Concentration 
The results of the major species concentration at the Thompson Farm were 
compared to those reported from acid rain monitoring around the world, as illustrated 
in Table 4.6. The results show that the pH of rainfall samples in Thompson Farm is 
quite close to those in Seoul (Korean), but lower than those Tirupati (India), Ankara 
(Turkey) and Montseny (Spain). The marine (CI", Na+, Mg2+) concentration are also 
relatively close to those in Beijing. Regarding the acidic ions (SO*2-, N03") in this 
study was quite close to the values found in Adirondack (New York) but much lower 
than those found in Beijing and Tirupati (India). The alkaline ions (K+, Ca2+), in this 
study were quite close to the values found in Singapore, but much lower than those 
found in Montseny (Spain). 
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Table 5.2: Chemical composition of wet precipitation at various sites in the world (peqP). 
Area pH CI NO3_ SO**" NhV K* Na+ Ca2t Mg2+ 
This study 4.8 39 14.5 11.1 16.9 2.7 18.3 4.2 2.2 
(a)Jinhua 4.54 8.51 31.2 95.2 81.1 4.73 6.27 47.9 3.45 
(b)Nanjing 5.15 143 39.6 242 193 12.1 23 295 31.7 
(c)Xiameng 4.57 23.7 22.1 62.5 37.7 3.58 36.1 42.9 9.87 
(d)Beijing 6.01 31.5 84.1 249 234 12 16.3 191 33.8 
(e)Singapore 4.2 34.2 22.3 83.5 19.1 7.2 32.8 16.1 6.54 
(f)Seoul, Korean 4.7 18.2 29.9 70.9 66.4 3.5 10.5 34.9 6.9 
(g)Tirupati, India 6.78 33.9 40.8 128 20.4 33.9 33.1 151 50.5 
(h)Ankara, Turkey 6.3 20.4 29.2 48 86.4 9.8 15.6 71.4 9.3 
(i)Montseny, Spain 6.4 28.4 20.7 46.1 22.9 400 22.3 57.5 9.8 
(j)Adirondack,New York 4.45 2.14 22.6 36.9 10.5 0.33 1.61 3.59 0.99 
(k)Guaiba, Brazil 5.71 9.18 2.74 15.9 30.5 3.15 10.9 9.83 4.6 
(a) Zhang et al. (2007). 
(b) Tu et al. (2005). 
(c) Zhao (2004). 
(d) Yang et al. (2004). 
(e) Hu et al. (2003). 
(f) Lee et al. (2000). 
(g) Mouli et ai (2005). 
(h) Topcu et al. (2002). 
(i) Avila andAlarcon (1999). 
(j) Ito et al. (2002). 
(k) Migliavacca et al. (2005). 
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6 Conclusion 
The composition of rainfall and throughfall in Durham (NH) was studied by 
collecting rain samples from Thompson Farm using a NCON wet only collector and 
throughfall using Aerochem Metrics Wet-Dry collectors over an 8-month period (from 
April to November 2009). The concentration of the main cations (Na\ (O, Mg2+ and 
Ca2+) and main anions were determined by Dionex Ion Chromatography (ICS-500). 
In addition, meterological data (temperature, wind speed) were supplied by the UNH 
Observing Station at Thompson Farm, Durham, NH. In general, most of the wind 
speeds over the period of the research ranged between 0 and 5.35 m/s. On the other 
hand, the temperatures over the period of the research ranged between 6,7 and 23 
°C, with a mean and standard deviation of 14.4 and 4.9 °C, respectively. 
The total amount of rainfall throughout the period of study was 699 mm (CRN 
Network), the average weekly rainfall was 19.42 mm and standard deviation was 
15.74 mm, while the maximum weekly rainfall of 59 mm was recorded on 24 July 
2009 at Thompson Farm. The mean pH of rainfall samples was around 4.7, which is 
similar to the mean reported in many other cities around the world, and is lower than 
the widely acceptable background ph of precipitation (5.6). 
The total amount of throughfall (TFC-TFD) throughout the period of study was 
523.13 (TFC) and 480.85 mm (TFD). The maximum weekly TFC and TFD of 47.62 
mm and 39.35 mm were recorded on the 3rd August and 12th May 2009, 
respectively. The average weekly and standard deviations were 15.39, 14.14 mm, 
and 12.78, 10.23 mm, respectively. The mean pH of throughfall (TFC and TFD) 
samples was around 4.7 and 5.4, respectively. 
The mean value of electrical conductivity of rainfall at the Thompson Farm was 
12.3 pScrrf1, with a standard deviation of 5.1 ^JS cm"1. The highest monthly electrical 
conductivity was observed in July 2009 with a value 18 ps cm"1, and a maximum 
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value of marine salt (CI", Na+, and Mg2+) was measured in September, November 
and October, respectively. Additionally, there was not a strong relationship between 
see salt and electrical conductivity. 
The mean value of electrical conductivity of TFC was found to be 22 |js cm"1. 
The highest monthly electrical conductivity was observed in April 2009 with a value of 
29 [JS cm"1, and a maximum value of marine salt (CI", Na+, Mg2+) was calculated in 
November 2009. In addition, the mean value of electrical conductivity of TFD was 
found to me 24 |js cm"1. The highest monthly electrical conductivity was observed in 
November 2009 with a value of 30 ps cm-1, together with a maximum value of marine 
salt (CI", Na\ Mg2+). Additionally, there was a strong correlation between sea salt 
and electrical conductivity at the deciduous forest stand. 
The chemical composition of rainfall in Thompson Farm varied widely over the 
study period. On average, CI" ions contributed most to the total ion equivalent 
concentration, followed (in order) CI" > Na+ > NIV-N >N03-> S042~~ > Ca2+ > K+ >C> 
Mg2+ > P043"-P. The chemical composition of TFC and TFD in Thompson Farm 
varied over the study period. On average, CI" ions contributed most to the total 
equivalent concentration, followed (in order) Cl~> Ca2+> K+> Na+> Mg2+> S04z_> 
N03~> NIV-N> P043--P and K+> Mg2+> Ca2+> Cl~> Na+> S042_> N03~> P043"-P> 
NH4+-N, respectively. 
The ratios of the mean concentration of CI7Na* and Mg2t/Na+ in the 
precipitation closely matches the ratios of seawater (ratio of seawater Cl"/Na+=1.16 
and Mg2+/Na*=0.227) 2.1 and 0.12, respectively, and it is apparent that rainfall in 
Thompson Farm is clearly affected by sea salt throughout the year. On the other 
hand, the mean ratio of SOv2"/ N03" was about 0.77, suggesting that the 
contributions of H2S04 and HN03 to the acidity of rainfall in Thompson Farm. 
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The ratio of the mean concentration of CI7Na* in the TFC and TFD were found 
to be 1.4 and 1.6 peql-1, respectively. These two values are close to the ratio of 
seawater (1.16), especially the ratio in the TFD site at the Thompson Farm. The ratio 
of the mean concentration of Mg2+/Na* in the TFC and TFD were found to be 0.86 
and 1.85 respectively, which is not close to the seawater ratio (0.227). On the other 
hand, the mean ratios of S04*7 N03" were found to be 1.35 and 2.59, respectively. 
TFC result (2.19) is similar to that reported by Zhang et al., (2007) who found the 
mean value of SCV/NCV ratio at Qianliyan, China (2.18). 
A week relationship existed between CI" and Na+, CI" and Mg2+ , and Na+ and 
Mg2+ and a strong relationship were found between SO42" and Ca2+ in wet deposition 
indicating that part of the SO42" was in the for CaS04. The high calcium content in 
Thompson Farm's atmosphere was responsible for effectively neutralizing the acidity 
of rainfall. 
Moreover, a medium relationship between SO42' and Mg2+ in rainfall samples 
indicated that the part of the SO42" was in the form of MgS04. Additionally, a strong 
relationship was found between SCV and N03", most probably because of the same 
S02 and N02 sources (anthropogenic sources) in Thompson Farm. 
The monthly pattern of ions concentration was different at TF2, TFC and TFD 
sites. Results indicated that the maximum concentration of marine (CI", Na+, Mg2+) 
were found in September 2009 (TF2) and November 2009 (TFC and TFD), while the 
minimum were recorded in August 2009 (TF2), June 2009 (TFC) and April 2009 
(TFD). The highest concentration of Ca2+, N03" and SO^ in rainfall samples was 
found in July 2009, with the maximum concentration of K+. 
Finally, the rainfall was found to be acidic and is likely to have a serious 
environmental impact in Thompson Farm. On the other hand, because of the sea 
salt, this caused a large input of Na* and Mg2* to displace existing cations in soil 
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exchange sites. Cycles in marine solutes also can have a significant impact on the 
surface water concentrations of cations for non-marine sources. Therefore, influence 
of fluctuations in solutes with both marine and non-marine sources, which often 
appeared to account for a significant proportion of the overall variance, have 
important implications for determining the trend of Thompson Farm's precipitation as 
regards its chemical composition. 
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Appendix A 
Temperature at the Thompson Farm for the collection period. 
Temperature (°C) 
Mean Median Minimum Maximum 
21-Apr-09 6.713 6.7 -3.2 19.1 
28-Apr-09 13.776 11.4 4.2 31.7 
05-May-09 13.778 14.1 -0.4 33.4 
12-May-09 12.459 12.4 2.8 23.2 
19-May-09 12.199 12.45 1.4 24.6 
26-May-09 16.624 15.7 1.4 31.9 
01-Jun-09 11.214 9 3.6 24.1 
09-Jun-09 15.772 14.7 8.8 23.4 
12-Jun-09 12.562 12.2 10.5 15.9 
15-Jun-09 16.28 14.85 11.9 24.2 
19-Jun-09 14.525 15.1 4.4 23.4 
22-Jun-09 17.143 16.95 11.6 23.5 
24-Jun-09 17.184 17.5 15.3 19 
29-Jun-09 18.675 17.8 14.5 29 
30-Jun-09 16.267 15.7 15 18.4 
02-Jul-09 14.937 14.4 13.1 18.7 
03-Jul-09 14.629 13.95 13.5 20 
06-Jul-09 17.878 18.3 9.3 24.7 
09-Jul-09 15.382 15 10.5 24.7 
14-Jul-09 17.682 18.1 7.6 25.9 
21-Jul-09 19.436 18.9 11.3 27.2 
22-Jul-09 17.611 17.25 16.1 21.6 
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24-Jul-09 17.622 16.9 13.9 23.5 
28-Jul-09 21.196 20.85 15.3 28.9 
03-Aug-09 21.597 21.75 14.7 29.2 
11 -Aug-09 19.941 20.2 9.4 29 
13-Aug-09 19.9 18.9 16.9 26.3 
25-Aug-09 22.972 22.2 12.1 32.3 
27-Aug-09 -
- - -
31-Aug-09 16.69 15.45 9.2 27.6 
08-Sep-09 15.048 14.35 3.8 25.5 
15-Sep-09 15.151 15.6 6.5 24.6 
21-Sep-09 11.681 11.9 0.7 21.7 
29-Sep-09 14.919 16 1.7 26.1 
06-0ct-09 10.904 10.95 1.2 18.3 
13-Oct-09 9.327 10.2 -1.2 17.5 
20-0ct-09 3.389 3.3 -2.9 14.3 
27-Oct-09 8.388 8.3 0.1 18.4 
03-Nov-09 8.179 8 -1.6 21.7 
1 Q-Nov-09 5.639 4.05 -4.6 19.8 
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Appendix B 
Wind Speed at the Thompson Farm for the collection period. 
Wind Speed (m/s) 
Mean Median Minimum Maximum 
21-Apr-09 1.39012 1.44 
-
3.6 
28-Apr-09 1.20942 1.12 
-
3.59 
05-May-09 1.51959 1.36 - 6.68 
12-May-09 1.36503 1.2 - 5.35 
19-May-09 1.20477 1.215 - 3.22 
26-May-09 1.13298 0.945 
- 4.62 
01-Jun-09 0.91552 0.77 - 4.59 
09-Jun-09 0.99947 0.99 
- 2.96 
12-Jun-09 0.82863 0.78 0.19 1.58 
15-Jun-09 0.72297 0.62 - 2.17 
19-Jun-09 0.84906 0.905 - 2.12 
22-Jun-09 1.37708 1.395 0.04 3.35 
24-Jun-09 2.0551 2.11 1.37 2.94 
29-Jun-09 0.8722 0.93 - 2.76 
30-Jun-09 1.00762 1.1 0.61 1.31 
02-Jul-09 1.15627 1.18 0.53 2.16 
03-Jul-09 0.81958 0.765 - 1.77 
06-Jul-09 1.20973 1.05 
- 3.65 
09-Jul-09 0.93438 1.01 
- 1.92 
14-Jul-09 0.89127 0.665 
- 2.51 
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21 -Jul-09 0.76247 0.52 
- 2.8 
22-Jul-09 0.775 0.665 0.04 1.75 
24-Jul-09 1.11 1.095 
- 3.17 
28-Jul-09 0.77188 0.455 
- 3.6 
03-Aug-09 0.80766 0.74 0.08 2.05 
11 -Aug-09 0.88555 0.64 
- 3.48 
13-Aug-09 0.92178 0.81 0.2 1.87 




31-Aug-09 1.12324 0.93 0.16 3.45 
08-Sep-09 0.7682 0.595 0.03 2.72 
15-Sep-09 1.06952 0.94 0.07 3.1 
21-Sep-09 1.08285 0.8 0.15 4.1 
29-Sep-09 1.04146 0.79 0.07 4.08 
06-0ct-09 0.87692 0.65 0.07 2.94 
13-Oct-09 1.12686 0.56 0.04 5.04 
20-0ct-09 1.47518 1.345 0.04 3.7 
27-Oct-09 0.96335 0.81 0.12 3.31 
03-Nov-09 1.2721 1.2 - 3.93 
1 Q-Nov-09 1.05107 0.68 0.02 4.15 
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Appendix C 
Rainfall amount (mm), pH, electrical conductivity, specific conductivity (pS cm-1) and 
concentrations of anions ((jeqP) in the TF2 rain samples collected fromThompson Farm 















21-Apr-09 20.9 17.85 5.5 7 9 43.07 3.56 0.19 7.4 
28-Apr-09 17.4 13.26 4.4 - 21 35.6 24.47 0.22 18.85 
05-May-09 4.5 5.06 4.6 21 23 47.92 30.23 0.38 17.35 
12-May-09 50.2 44.76 5.2 - 5 31.57 6.87 - 5.56 
19-May-09 10.3 10.09 5.8 12 13 53.01 17.18 0.17 9.95 
26-May-09 0.4 0.57 - - - " 
- -
01-Jun-09 - - 3.9 16 17 - -
- -
09-Jun-09 2 2.52 - - " 48.41 48.82 0.54 55.85 
12-Jun-09 38.4 36.77 4.9 10 11 36.27 7.79 0.2 10.19 
15-Jun-09 27.3 26.1 4.9 13 14 35.91 8.2 0.26 10.03 
19-Jun-09 34.6 32.97 5.4 6 7 48.48 3.72 0.15 4.48 
22-Jun-09 7.7 9.85 3.5 6 7 36.97 6.16 0.16 5.25 
24-Jun-09 18.9 13.54 3.8 5 6 36.95 4.13 0.26 4.61 
29-Jun-09 8.7 9.86 3.8 9 9 37.47 11.01 0.17 8.92 
30-Jun-09 8.7 8.58 4 17 19 - 7.38 0.29 6.9 
03-Jul-09 9.6 9.13 4.4 14 15 48.73 9.94 0.12 10.35 
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06-Jul-09 11.7 10.27 4.1 17 18 41.65 19.89 0.14 14.73 
09-Jul-09 16.5 17.18 4.8 21 24 
-
- 0.22 -
14-Jul-09 2.2 2.84 
-
-
- 58.97 27.81 0.13 21.95 
21-Jul-09 18.1 19.92 4.8 
- 17 - 18.77 0.25 17.7 
22-Jul-09 8.3 8.42 " 
- - 39.51 9.05 0.21 5.26 
24-Jul-09 59 - 7.9 - 13 35.59 0.76 0.3 1.97 
28-Jul-09 7.5 7.88 4,3 - 8 15.8 27.14 0.14 14.38 
03-Aug-09 50.6 49.33 4.7 - 7 34.93 8.93 0.2 8.09 
11-Aug-09 14.7 13.56 6.5 - 30 33.95 6.7 1.24 8.57 
13-Aug-09 2.4 2.89 - -
- 36.34 15.17 0.24 9.63 
25-Aug-09 28.7 29.65 5.6 " 12 14.95 18.57 0.05 5.94 
27-Aug-09 - - - - -
- - -
31-Aug-09 50.7 45.28 5.4 6 7 40.15 3.65 0.14 4.91 
08-Sep-09 - - - - -
- - -
15-Sep-09 23.4 21.75 5.5 11 11 76.72 5 0.03 5.62 
21-Sep-09 - - - - - -
- - -
29-Sep-09 30.5 28.12 5.1 11 12 31.59 15 0.16 10.63 
06-0ct-09 19.5 19.47 4.1 20 22 46.26 33.57 0.15 15.31 
13-Oct-09 31.8 29.56 4.2 12 15 18.62 30 0.15 11.88 
20-0ct-09 12.9 12.4 4.6 5 6 17.21 10 0.23 4.38 
27-Oct-09 27.5 25.32 4.5 13 14 36.67 14.29 0.16 11.88 
03-Nov-09 21.5 19.62 4.8 10 12 49.36 8.57 0.13 5.94 




Throughfall amount (mm), pH, electrical conductivity, specific conductivity (pS cm"1) and 
concentrations of anions (peql-1) in the TFC throughfall samples collected fromThompson 
Farm (April 2009 until November 2009) 
TFC 




CI NO3- PCX,3" SO42" 
21-Apr-09 16.23 4.4 28 29 46.92 9.21 0.45 16.3 
28-Apr-09 9.64 4.2 30 31 37.65 12.09 -0.05 22.42 
05-May-09 1.22 - - - 95.36 176.55 8.01 76.14 
12-May-09 37.36 4.4 21 23 29.15 8.75 - 17.54 
19-May-09 3.95 4.5 27 29 57.15 29.94 1.75 19.36 
26-May-09 - - - - -
- - -
01-Jun-09 25.75 3.7 25 26 29.58 13.29 0.28 21.4 
09-Jun-09 0.8 - - -
- - -
12-Jun-09 38.94 4.8 16 19 23.5 7.46 0.06 18.93 
15-Jun-09 21.73 4.6 19 22 28.25 7.45 0.48 17.21 
19-Jun-09 29.81 4.9 15 17 32.09 5.28 0.41 6.64 
22-Jun-09 3.02 4.4 15 17 25.92 8.59 1.7 14.25 
24-Jun-09 8.32 4.4 15 16 21.3 5 1.07 8.66 
29-Jun-09 4.96 4.2 21 23 22.47 7.84 1.47 15.06 
30-Jun-09 7.22 4.4 24 26 41.45 8.93 10.31 14.6 
02-Jul-09 16.16 4.6 15 18 33.16 28.51 2,3 63.15 
03-Jul-09 7.62 4.5 12 13 25.75 6.44 1.42 10.33 










21-Jul-09 17.99 4.3 
- 20 3.35 0.13 27.65 
22-Jul-09 6.25 - - 27.36 
- 0.54 16.07 
24-Jul-09 - 6.2 - 6 20.97 
- 0.5 2.33 
28-Jul-09 3.25 - -
- 28.32 8.38 1.38 17.04 
03-Aug-09 47.62 4.5 - 12 18.51 5.72 0.37 11.32 
11 -Aug-09 13.27 5.5 
- 14 20.31 
- 0.83 11.88 
13-Aug-09 1.08 - -
- 85.7 17.79 1.91 17.6 
25-Aug-09 24.29 4.5 17 44.46 
-
0.1 9.83 
27-Aug-09 - - -
- -
- - -
31-Aug-09 44.95 4.9 15 17 27.68 5.28 0.82 6.99 
08-Sep-09 " 
- - - -
- - -
15-Sep-09 17.53 5.2 29 30 92.8 
-
14.69 9.68 
21-Sep-09 - - - - -
- - -
29-Sep-09 20.19 4.6 29 33 76.72 7.14 6.11 15 
06-0ct-09 18.38 4.2 24 27 59.23 12.14 1.19 19.38 
13-Oct-09 22.89 5.2 17 22 47.95 4.29 6.69 14.38 
20-0ct-09 7.39 4.3 17 19 46.82 7.14 2.66 10.63 
27-Oct-09 18.03 4.3 26 28 53.59 
- 6.36 14.07 
03-Nov-09 10.78 5.9 26 31 108.6 
- 1.41 13.75 




Throughfall amount (mm), pH, electrical conductivity, specific conductivity (^S cm"1) 
and concentrations of anions (ijeqr1) in the TFD throughfall samples collected 
fromThompson Farm (April 2009 until November 2009) 
TFD 




NO3" POf SO42" 
21-Apr-09 18.53 4.4 10 11 27.4 5.71 0.39 9.69 
28-Apr-09 11.2 4.4 18 19 27.9 22.86 0.34 17.81 
05-May-09 3.71 4.5 32 36 44 40 2.04 23.44 
12-May-09 39.35 5.1 9 10 20.3 
- 0.11 8.44 
19-May-09 5.99 4.9 23 24 52.2 





01-Jun-09 25.02 4.2 15 16 20.6 5 6.56 19.69 
09-Jun-09 0.52 - - - -
- - -
12-Jun-09 25.85 5.9 58 68 19.5 12.86 30.94 45.31 
15-Jun-09 15.22 6 66 74 28.8 
- 32.56 26.88 
19-Jun-09 21.35 5.7 28 32 39.5 
- 12.46 10.31 
22-Jun-09 4.58 5.5 16 18 29.1 
- 3.64 6.88 
24-Jun-09 10.62 5.1 10 11 18.1 
- 1.96 5 
29-Jun-09 4.49 5.2 15 16 16.4 
- 1.83 11.25 
30-Jun-09 5.24 4.8 20 21 31.9 9.29 1.68 15.63 
02-Jul-09 13.98 5.7 10 11 28.5 6.43 1.48 13.13 
03-JuI-09 6.46 5.5 23 25 21.4 4.29 0.69 10.63 
06-Jul-09 5.41 5.6 21 21 42.9 17.86 1.76 28.44 
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09-Jul-09 11.03 5.4 16 18 27.4 17.86 1.99 20.94 
14-Jul-09 1.01 
- ** - -
-
- -
21-Jul-09 12.94 6.8 - 14 32.2 17.86 0.07 29.06 
22-Jul-09 4.2 - - - 27.9 23.57 0.44 14.06 
24-Jul-09 - 6.2 - 5 12.1 
- 1.07 2.19 
28-Jul-09 4.33 - " - 26.8 
- 0.45 16.88 
03-Aug-09 35.04 6.9 
- 15 24.8 
- 0.16 11.88 
11 -Aug-09 13.27 5.5 - 14 18.6 16.43 0.98 13.44 
13-Aug-09 1.34 - - - 27.9 
- 0.36 10.31 
25-Aug-09 26.09 4.5 - 17 14.29 1.17 23.13 




31-Aug-09 33.96 5.5 15 17 19.2 1.26 5.31 
08-Sep-09 -
- - - -
- - -







29-Sep-09 17.6 5.3 19 22 60.6 2.86 9.59 17.5 
06-0ct-09 13.21 5.3 22 24 67.1 7.86 10.54 23.75 
13-Oct-09 18.43 5.9 31 39 44 
- 30.22 36.56 
20-0ct-09 10.01 4.9 31 35 52.2 
- 35.94 32.5 
27-Oct-09 23.34 5.4 53 57 71.4 
- 62.44 41.25 








Concentrations of cations (|jeql~1) in the TF2 rain samples collected from 
Thompson Farm (April 2009 until November 200). 
TF2 
DATE NIV Na+ K+ Mg*+ Ca2+ 
21-Apr-09 9.23 18.5 1.34 1.81 1.96 
28-Apr-09 27.36 9.18 1.28 0.72 1.96 
05-May-09 28.28 26.21 2.23 6.54 11.36 
12-May-09 11.73 2.79 1.45 -0.6 1.75 







- " - -
09-Jun-09 112.2 17.11 5.83 6.61 37.29 
12-Jun-09 10.39 3.38 1.34 -0.06 1.12 
15-Jun-09 9.16 9.74 3.75 0.16 1.46 
19-Jun-09 3.39 17.74 1.79 2.38 0.66 
22-Jun-09 9.89 7.69 3.28 0.14 0.14 
24-Jun-09 5.92 5.3 1.6 0.18 0.24 
29-Jun-09 18.35 6.08 1.93 0.02 1.31 
30-Jun-09 16.4 6.45 2.08 -0.46 17.11 
03-Jul-09 14.72 11.45 2.85 0.43 4.81 
06-Jul-09 19.94 5.87 2.54 -0.22 1.18 
09-Jul-09 18.84 - - - -
14-Jul-09 41.59 29.89 4.4 4.72 8.67 
21-Jul-09 28,99 - 3 0.2 2.71 
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22-Jul-09 6.47 3.45 2.07 -0.3 1.14 
24-Jul-09 3.28 6.39 2.62 0.87 1.11 
28-Jul-09 22.03 19.14 2.56 0.82 0.5 
03-Aug-09 12.18 5.09 1.95 -0.34 0.45 
11-Aug-09 12.97 7.11 3.09 0.15 3.57 
13-Aug-09 18.51 5.76 2.7 0.03 3.96 

















29-Sep-09 15.21 36.54 1.79 6.58 -
06-0ct-09 13.43 59.16 2.56 9.05 2 
13-Oct-09 7.79 20.44 2.05 - 2 
20-0ct-09 1.79 17.83 1.79 -0.82 -
27-Oct-09 6.29 43.93 6.91 6.58 -







Concentrations of cations ((jeqP) in the TFC throughfall samples collected 
from Thompson Farm (April 2009 until November 200). 
TFC 
DATE NH4+ Na+ K+ MG'+ Ca"+ 
21-Apr-09 5.15 32.94 12.7 12.01 17.09 
28-Apr-09 9.53 34.46 16.14 12.37 20.9 
05-May-09 76.74 101.1 75.02 74.79 113.15 
12-May-09 3 20.62 18.87 14.27 25.53 










12-Jun-09 6.61 11.47 17.99 10.46 23.21 
15-Jun-09 5.12 31.22 28.67 20.3 42.51 
19-Jun-09 4.56 18.05 22.77 13.13 27.1 
22-Jun-09 9.18 9.97 58.45 16.35 22.87 
24-Jun-09 5.69 11.8 36.77 20.37 26.39 
29-Jun-09 1.41 14.21 49.65 26.76 49.03 
30-Jun-09 29.23 13.39 31.82 28.37 57.33 
02-Jul-09 1.89 10.55 68.76 117.56 105.07 
03-Jul-09 4.72 11.53 14.49 9.05 21.46 
06-Jul-09 2.74 8.72 31.43 22.69 46.86 







21 -Jul-09 2.53 16.57 29.36 17.53 36.11 
22-Jul-09 1.82 10.32 30.2 20.2 50.82 
24-Jul-09 1.13 6.64 9.72 4.11 11.55 
28-Jul-09 1.8 8.67 47.4 16.86 31.34 
03-Aug-09 1.6 2.77 10.72 7.91 21.54 
11 -Aug-09 0.81 10 56.52 27.98 43.39 
13-Aug-09 86.1 137.22 20 13.55 36 














29-Sep-09 7.79 48.26 63.17 52.67 70.32 
06-0ct-09 13.43 36.09 30.18 22.22 43.39 
13-Oct-09 1.07 46.96 73.66 30.45 37.41 
20-0ct-09 3.21 26.52 24.3 18.93 34.91 
27-Oct-09 0.14 31.3 37.09 22.22 41.4 






Concentrations of cations ((jeqP) in the TFD throughfall samples collected 
from Thompson Farm (April 2009 until November 200). 
TFD 
DATE NH4+ Na+ K+ MG*+ Ca^ 
21-Apr-09 7.03 18.7 4.09 4.12 6.48 
28-Apr-09 16.65 26.96 6.39 5.76 12.47 
05-May-09 24.05 28.7 20.2 37.86 43.89 
12-May-09 0.51 9.57 19.44 9.88 14.46 











12-Jun-09 6.16 - 484.4 80.66 23.44 
15-Jun-09 1.44 33.48 614.07 92.18 16.46 
19-Jun-09 0.96 36.52 251.15 51.85 25.44 
22-Jun-09 1.23 28.7 89.77 41.98 40.9 
24-Jun-09 0.71 11.74 69.31 22.22 24.44 
29-Jun-09 0.59 7.83 87.47 38.68 36.91 
30-Jun-09 1.18 6.96 68.29 25.51 31.42 
02-Jul-09 5.59 9.57 48.59 16.46 23.94 
03-Jul-09 7.3 16.52 31.97 10.7 20.45 
06-Jul-09 8.05 37.39 65.73 25.51 52.37 







21 -Jul-09 1.88 19.57 64.71 32.1 46.38 
22-Jul-09 1.28 7.39 63.68 32.1 39.9 
24-Jul-09 1.59 4.78 25.58 4.94 14.46 
28-Jul-09 1.83 13.91 63.94 37.04 51.37 
03-Aug-09 1.65 13.48 26.34 8.23 13.97 
11 -Aug-09 0.87 8.7 33.5 13.99 30.42 
13-Aug-09 3.21 18.26 32.74 17.28 27.43 





31-Aug-09 0.75 10.87 32.23 13.99 34.91 
08-Sep-09 
-
- - " 
-
15-Sep-09 1.86 71.3 56.78 42.8 57.86 
21-Sep-09 
-
- - - -
29-Sep-09 2.21 35.65 77.49 51.85 58.85 
06-0ct-09 1 49.57 71.36 64.2 48.88 
13-Oct-09 1.57 16.52 227.37 84.77 53.87 
20-0ct-09 0.71 16.96 186.72 74.07 35.41 
27-Oct-09 0.21 32.61 303.84 127.57 77.81 








Ion balance (peql-1) of TF2, TFC and TFD at the Thompson Farm during the 
eight months study period. 
TFC TFD TF2 
Collection 
Date 
Anions Cations Anions Cations Anions Cations 
21-Apr-09 111.3 79.9 55.5 40.4 55.2 32.8 
28-Apr-09 126.7 93.4 84.7 68.2 82.5 40.5 
5-May-09 514.7 440.8 181.3 154.7 101.3 74.6 
12-May-09 117.8 82.3 66.4 53.9 45.9 17.1 
19-May-09 180.8 161.3 247.2 217.2 83.3 55.4 
26-May-09 84 
- 51.4 - 15.4 -





- 159.1 179 
12-Jun-09 115 69.7 182.6 594.7 55.4 16.2 
15-Jun-09 127.6 127.8 145.2 757.6 58.8 24.3 
19-Jun-09 119.3 85.6 97.2 365.9 58.7 26 
22-Jun-09 173.5 116.8 98 202.6 52.1 21.1 
24-Jun-09 143.6 101 68.1 128.4 52 13.3 
29-Jun-09 152.2 141.1 57.8 171.5 57.6 27.7 
30-Jun-09 114.7 160.1 81.8 133.4 18.6 41.6 
2-Jul-09 200.3 303.8 78.8 104.2 
-
3-Jul-09 127 61.3 76.4 86.9 77.9 34.3 
6-Jul-09 
66.6 112.4 142.2 189.1 83.4 29.3 
9-Jul-09 184.3 142.5 108.9 164.1 6.8 18.8 
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14-Jul-09 31.9 
- 19.4 - 112.6 89.2 
21-Jul-09 105.7 102.1 220.9 164.6 38.6 34.9 
22-Jul-09 79.1 113.4 59.6 144.4 62.5 12.8 
24-Jul-09 23.8 33.1 15.4 51.4 43 14.3 
28-Jul-09 119.3 106.1 110 168.1 63.4 45 
3-Aug-09 107.4 44.5 62 63.7 62.2 19.3 
11-Aug-09 104.5 138.7 68.1 87.5 54.4 26.9 
13-Aug-09 212.7 292.9 71.8 98.9 64 31 
25-Aug-09 180.6 96.1 86.6 274.5 42 34.3 
27-Aug-09 65.5 
- 44.3 - 3.8 -





15-Sep-09 208.1 177.5 258.7 230.6 89.6 54.64 
21-Sep-09 78.6 - 45.7 - 2.9 -
29-Sep-09 105 242.2 90.6 226.1 60.6 60.1 
6-Oct-09 91.9 145.3 109.3 235 95.3 86.2 
13-C)ct-09 73.3 189.5 110.8 384.1 60.6 32.3 
20-0ct-09 67.3 107.9 120.6 314.9 31.8 20.6 
27~0ct-09 74 132.2 175.1 542 63 63.7 
3-Nov-09 123.8 223.9 122.7 352.8 64 85.4 
10-NOV-09 
- - - - - -
Total (I) 4887.9 4662.9 4187.1 7050.6 2135.6 1379.1 
180 
Appendix J 
DON and DOC (mg L"1) concentration of TF2, TFC and TFD samples at the 
Thompson Farm. 














21-Apr-09 0.02 0.25 0.03 9.6 0.02 3.08 
28-Apr-09 0.07 0.84 0.04 13.64 0.05 3.95 
5-May-09 0.08 1.35 0.04 39.66 0.11 17.95 
12-May-09 0.03 0.47 0.03 15.58 0.01 9.38 
19-May-09 0.05 0.75 0.07 18.16 0.03 44.34 
1-Jun-09 0.23 3.84 0.04 21.01 0.02 12.84 
12-Jun-09 0.02 0.53 0.03 12.28 0.08 34.03 
15-Jun-09 0.02 1.36 0.03 20.06 0.04 35.67 
19-Jun-09 0.01 0.24 0.02 16.25 0.03 18.5 
22-Jun-09 0.02 1.1 0.04 18.54 0.02 14.25 
24-Jun-09 0.01 0.47 0.03 18.73 0.01 8.73 
29-Jun-09 0.04 0.88 0.03 30.75 0.02 14.6 
30-Jun-09 0.04 1.51 0.07 26.9 0.03 10.78 
2-Jul-09 - - 0.06 26.33 0.02 7.1 
3-Jul-09 0.03 1 0.02 9.86 0.02 5.84 
6-Jul-09 0.05 2.18 0.03 18.3 0.04 7.33 
9-Jul-09 -0.1 1.74 0.05 20.77 0.04 9.83 
21-Jul-09 0.07 1.65 0.02 16.23 0.01 12.82 
22-Jul-09 0.02 0.93 0.02 25.38 0.02 10.19 
181 
24-Jul-09 0.01 0.48 0.01 7.98 0.01 4.85 
28-Jul-09 0.06 2.11 0.03 18.65 0.02 39.91 
3-Aug-09 0.03 1.1 0.02 8.79 0.01 4.3 
11-Aug-09 0.03 1.49 - - " -
13-Aug-09 0.05 2.52 0.15 16.04 0.03 16.48 
25-Aug-09 0.03 0.99 - 17.87 0.03 6.28 
31-Aug-09 0.01 0.67 0.02 17.86 0.01 4.67 
15-Sep-09 0.01 0.61 0.02 22.41 0.01 8.31 
29-Sep-09 0.04 0.94 0.03 31.56 0.02 12.01 
6-Oct-09 0.06 0.82 0.05 16.37 0.03 11.08 
13-Oct-Q9 0.05 0.77 0.03 24.04 0.02 35.41 
20-0ct-09 0.01 0.56 0.02 11.27 0.02 18.44 
27-Oct-09 0.03 0.72 0.01 22.72 0.02 38.92 
3-NOV-09 0.02 0.8 0.01 19.64 0.01 11.43 
